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ABSTRACT
In situ chemical oxidation using potassium permanganate (KM11O4) is a popular 
method for removing dense non-aqueous phase liquids (DNAPLS) from contaminated 
groundwater aquifers. Manganese dioxide (MnCh) precipitation and carbon dioxide 
(CO2) production during in situ chemical oxidation reduces the treatment efficiency by 
hindering mass transfer of potassium permanganate to the DNAPL zone. Experiments 
were designed to study the effect of reduced M11O2 precipitation and CO2 degassing on 
overall mass transfer rate. A solution of potassium permanganate and N-sodium silicate 
(Na4 Si0 4 ) was injected into a saturated silica bed, contaminated by trichloroethylene 
(TCE). Na4Si0 4  was added for sequestering MnOa precipitates and enhancing CO2 
dissolution, both produced during in situ chemical oxidation of TCE with KMnC>4 .
Experiments performed in the vials demonstrate that if added in adequate amount, 
Na4 SIC>4 may hinder MnCh precipitation by sequestration. In comparison, during two- 
dimensional tank experiment, which simulated site treatment conditions in the laboratory, 
Na4 Si0 4  addition was not as effective in sequestering MnOa although it reduced CO2 
degassing and hence enhanced mass transfer between DNAPL and aqueous phases. 
Na4 SiC>4 also assisted in maintaining high pH, which increased the solubility of CO2 and 
reduced bubble formation to considerable extent. A series of reaction rate experiments 
showed sodium silicate did not affect the rate and activation energy of oxidation of TCE.
Contrary to the information available in the literature, this study demonstrated that 
chloride (CF), chlorite (CIO2’) and chlorate (CIO3") were produced during TCE oxidation. 
A mass balance calculations were performed on the basis of production of equivalent 
chloride ion (CF) produced during TCE oxidation with KMnCL. This study was limited to
iii
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performing a total mass balance and no further investigation was conducted to determine 
the mechanism for CIO2' and CIOs' formation.
iv
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CHAPTER 1: INTRODUCTION
1.1 Groundwater Contamination by DNAPLs
Ncm-aqueous phase liquids (NAPLs) are major sources of groundwater 
contamination at numerous sites all over the world. Production of chlorinated NAPLs 
began in United States (U.S.) in 1906 and increased after World War II. Since then 
millions of gallons of these chemicals have accumulated in the subsurface because of 
their accidental spillage and industrial dumping. A special category of NAPLs are 
halogenated compounds, which are denser than water and are more commonly known as 
dense non-aqueous phase liquids (DNAPLs). After migrating into groundwater system, 
these compounds settle at the bottom of groundwater aquifers. They form of thick organic 
blobs and act as a long-term source of groundwater contamination. Cleaning up of sites 
contaminated with DNAPL is an exceptionally challenging engineering task in terms of 
innovation and application of remediation technologies.
Trichloroethylene (TCE) and perchloroethylene (PCE) are the most important 
members of the DNAPL family as they are most widespread and responsible for most of 
the pollution being cause by DNAPLs (MacKinnon and Thomson, 2001). These 
chemicals are largely used for dry cleaning and degreasing of metals, as adhesives and 
paint removers. They are introduced in groundwater through various ways e.g. leaking of 
storage tanks, leaking of pipes, spilling during use and transportation or intentional 
disposal into the subsurface in various ways such as municipal and chemical disposal 
landfills.
Although they are classified as priority environmental pollutants, worldwide 
production of PCE and TCE still remains between millions to billions of kilograms
1
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annually (Pankow et el., 1996). In addition, TCE is classified as animal carcinogen 
(Pankow et e l, 1996). It may also increase risk of cancer under uncommon levels of 
exposure (ACGIH, 1995). The maximum concentration limit (MCL) for drinking water 
set by the U.S. Environmental Protection Agency (EPA) for TCE is 5 parts per billion 
(ppb) or 0.005 mg/L (Pankow et a l, 1996). Apart from human and animal health issues; 
degradation of ecosystem is another problem that demands for immediate steps towards 
remediation of DNAPL contaminated sites.
The main challenge in cleaning up of DNAPLs arises due to their peculiar 
physical and chemical properties with respect to water. All these compounds have high 
density, low interfacial tension and low viscosity relative to water. These properties help 
them penetrate downwards and accumulate at top of low permeability layers and make it 
very difficult and costly to remove them through any physical means like pum ping or 
induced dissolution etc. They have very low solubility in water and hence keep dissolving 
in groundwater at a very slow rate. But their solubility is a thousand fold greater than 
what appears harmful to human health. Once in the groundwater system, they persist for 
centuries and act as a source of continuous groundwater pollution. Moreover all 
chlorinated DNAPLs are quite resistant to biodegradation and have very low partition ing 
to soil materials. All these characteristics make it highly difficult to remove them from 
aquifers and require innovative remediation technologies.
1.2 DNAPL Movement in Groundwater
The movement of a DNAPL in groundwater is not totally predictable as it is 
governed by a complex process of its interaction with soil and groundwater. Migration 
depends on the spill volume, density, viscosity and surface tension of the DNAPL as well
2
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as physical and chemical characteristics of the soil in its vicinity along with the degree of 
DNAPL saturation. Based on these parameters, DNAPLs may form residual zones, 
concentrated pools or dissolved plumes.
Once DNAPL comes in contact with ground surface because of one or more of 
the reasons discussed above, gravitation pulls it downwards into the vadose or 
unsaturated zone. At this time, some loss of mass may also take place due to vaporization 
of DNAPL. In the vadose zone, the DNAPL may exist as a separate organic phase, 
dissolved phase, vapor phase or may get absorbed in the porous medium. DNAPLs 
generally penetrate the water table and accumulate at the bottom of an aquifer as a pool. 
But before the DNAPLs move from the vadose to the saturated zone, they have to 
overcome interfacial forces between organic and aqueous phase. This process is carried 
out by capillary action. It is a well established scientific fact that at the surface of 
interaction, a non-wetting phase (DNAPLs) has higher surface pressure than a wetting 
phase (water). The difference of the two pressures is called capillary pressure. For a 
DNAPL to enter a particular pore in the saturated zone, its capillary pressure requires to 
overcome the capillary threshold pressure or entry pressure of that pore (McWhorter and 
Kueper, 1996). In order to fulfill the above requirement the organic fluid first enters the 
largest pore available. With time, the DNAPL capillary pressure increases and it invades 
smaller pores, replacing wetting phase.
After entering the saturated zone, local permeability of the soil dictates the 
DNAPL’s direction of motion. The DNAPLs continuously follow the lowest resistance 
path to reach the top of some impermeable layer of soil. At certain places, where 
interfacial forces dominate over the gravitational and viscous forces, entrapment of 
DNAPL droplets takes place. This generally takes place after the spill source has ceased,
3
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which leads to automatic decrease in gravitational and viscous forces. The fraction of soil 
which is occupied by such DNAPL entrapments is called the residual DNAPL saturation 
zone. Apart from this a small fraction of DNAPL may also end up landing in dead end 
pores and might get cut off from flowing groundwater.
Observations suggest that grain size distribution of the soil may affect the 
movement o f DNAPL and, later on, shape of the resulting pools. A DNAPL moving 
through a coarse grained soil will encounter higher entry pressure when it comes across a 
finer granular layer on its way downwards (Kueper, 1989). This results in spreading of 
the DNAPL in the horizontal direction until the end of fine grain layer is reached or until 
the DNAPL accumulation overcomes the required entry pressure. This phenomenon, 
called fingering, leads to thin horizontal lenses in the saturated zone. Compared to 
entrapped residual DNAPL zones, DNAPL pools offer much less contact area to 
groundwater and hence are very difficult to treat or remove. Figure 1.1 shows distribution 
of DNAPL in a typical contaminated sand or gravel zone.
DNAPL R elease
Capillary Fringe ->
Dissolved Plume Water Table
Residual DNAPL
■♦-^Groundwater Flow
Figure 1.1: A typical DNAPL contamination site (modified after Kueper, 1989)
4
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Consequently, DNAPL is distributed throughout the aquifer as horizontal lenses, 
plumes, residual zones and dead zones etc. It is very difficult to find out the ultimate 
distribution of DNAPL because of its sensitive dependence on so many soil parameters, 
which are themselves typically not known.
1.3 Remediation Technology -  In-Situ Chemical Oxidation
In-situ chemical oxidation is one of the main technologies, which are currently in 
use to clean DNAPL contaminated areas in Canada and the U.S. Common oxidants used 
includes potassium permanganate (KMnCh), ozone (O3) and Fenton’s reagent (H2O2 and 
Fe+2 solution). This remediation process involves oxidant injection into the subsurface to 
oxidize the DNAPL source zone. Studies have shown that on the basis of stability of the 
oxidant in the subsurface and cost of the operation, KMnC>4 is a preferred choice over the 
other oxidants (Vella and Veronda, 1992; Pankow et e l, 1996). The reported products of 
oxidation of DNAPLs with KMnC>4 , which are MnC>2 , CO2 , CF, K+ and H+ are relatively 
harmless as compared to DNAPLs. However, MnC>2 precipitation during the oxidation 
process may decrease the process efficiency by physically hindering the movement of 
one component to other. This problem poses an inherent limitation for remediation of 
thick DNAPL pools in the subsurface as the mass transfer is decreased by MnOi 
formation. Moreover; the production of CO2 may also play a role in preventing KMnC>4 
from reaching the DNAPL phase, hence decreasing the cleaning efficiency. In spite of 
these disadvantages, in-situ oxidation by KMnCh is shown to be effective in cleaning up 
light non-aqueous phase liquid (LNAPL) contaminated zones by various researchers 
(Vella and Veronda, 1992; Pankow et el., 1996; West et al., 1997; Schnarr et a l, 1998).
5
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1.4 Objective of Research
The primary objectives of this research is to increase the overall mass transfer rate 
during in-situ chemical oxidation of TCE with KMn( > 4  by minimizing precipitation of 
Mn0 2  and dissolving CO2 produced during the oxidation reaction. A number of 
experiments in beakers were performed to identify methods of maintaining MnC>2 in 
aqueous phase. Finally N-sodium silicate (Na4 Si0 4 ) was identified as a potential additive 
to maintain MnC^ in solution by sequestration and at the same time increasing CO2 
solubility by increasing pH of the solution. Selection of Na4 Si€>4 was followed by 
investigation of its effect on reaction between TCE and KMnC>4. The study is divided into 
the following experiments:
1. Investigate the effect of addition of Na4 Si(> 4  on precipitation of MnCE.
2. Determine the effect of Na4Si0 4  on rate of oxidation of TCE with KMn0 4 .
3. Determine the effect of sequestering of MnC>2 on overall mass transfer rate of 
KMn0 4  in soil contaminated with TCE.
6








• Reaction of TCE and KMn04 in 
presence of Na4 Si0 4
• [KM11O4] -  1 to 6  g/L; [Na4Si0 4 ] -  1 
to 17 g/L; TCE in excess
® pH -  10 to 11
• Visual observation to determine 
sequestration effect of Na4 Si0 4
Reaction of KM n04 and TCE with 
and w/o Na4 Si0 4
[KMn04] -  1 g/L; [N a^iO J -  4 g/L; 
[TCE] -1 2 5  mg/L 
Temperature -  5°C - 25°C 
[TCE] monitored through Gas 
Chromatographer, to determine rate 
of reaction
Construction of two sets of silica 
beds each containing TCE = 7.5 g 
Flushing KMn04 with and w/o 
Na4 Si0 4 simultaneously in upper and 
lower bed respectively.
[KMn04] -  2 g/L; [Na4Si0 4] - 1 0  g/L 
Visual observations to determine 
sequestration effect and precipitation 
of Mn(> 2
Mass balance to determine overall 
removal of TCE
Figure 1.2: Description of objectives through flow chart
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CHAPTER 2: LITERATURE REVIEW
2.1 Chemical Oxidation of DNAPLs with KM11O4
2.1.1 KM 11O4 as an oxidant for DNAPLs
Potassium permanganate has been used extensively for remediation of DNAPL 
contaminated sites because it is relatively stable in groundwater and it is more 
economical as compared to other oxidants like hydrogen peroxide (Fenton’s Reagent, 
H2 O2) and Ozone (O3) (Gates et al., 1995). Potassium permanganate has also been 
widely used for clarification of drinking water through coagulation, filtration to remove 
iron, manganese, foul taste, smell and various kinds of organic contaminants (Schnarr et 
a l, 1998). Potassium permanganate is effective at a wide pH range for TCE oxidation 
(Vella and Veronda, 1992). Moreover, KMn0 4  is a stable oxidant under most 
groundwater conditions (West et al., 1997).
Although KMnC>4 will readily oxidize chlorinated alkenes, it does not oxidize 
chlorinated alkanes such as trichloroethane (LaChance et al., 1998). KMn0 4  not only 
reacts with TCE and PCE or any other DNAPLs but also with many organic compounds 
containing unsaturated bonds or possessing electrophylic functional groups.
Apart from its highly reactive nature KMn( > 4  is also very soluble in water, easy to 
handle and is easily available. High aqueous solubility is important because it allows 
higher amounts of the oxidant to be injected into the contaminated zone and hence 
improves the efficiency of the remediation technique.
8
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2.1.2 Oxidatlou-Rediictlou Reactions and Stoichiometry
The stoichiometry and kinetics of permanganate oxidation at contaminated sites 
can be quite complex as there are numerous reactions in which Mn can participate 
because of multiple valance state. The behavior of manganese also depends on chemical 
composition of the soil and groundwater. We strictly keep our literature review study 
related to oxidation of TCE by potassium permanganate.
The complete reaction, ignoring the intermediate products, of TCE with KMnC>4 
can be represented by the following chemical reaction (Schnarr et al., 1998).
C2C13B + 2KMn04 -» 2Mn02 (s) + 2C02 + 2K+ + H*+3C1' (2.1)
There are several methods in which KMn04 can be reduced in presence of a 
reducing agent, depending on the pH. Between pH 4 to 12, KMn04 is reduced to M n0 2 
by many reducing agents (Ladbury and Cullis, 1958). KM n04 readily cleaves the double 
bond (C=C) of chlorinated alkenes, which results in carbonyl compounds. Complete 
oxidation of TCE yields C 02, CF, K+, hydrogen ion (H+) and M n02. C 0 2 combines with 
water to form CO3' which lowers the pH of the solution, which is further lowered by 
production of H+ in the reaction. The formation of brown precipitate, M n0 2 and other 
manganese oxides produced by the reaction have both oxidative and adsorptive properties 
that contribute to controlling any byproducts (Schnarr, 1992).
Stoichiometrically in a 2:1 molar ratio KM n04 and TCE reacts (Huang et a l, 
1999). The reaction is irreversible second-order reaction (Schnarr et al., 1998) which is 
mathematically represented as:
9
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
= - k 2 [TCE] [MnO~ ] (2.2)
dt
where ^  is second-order reaction rate constant (L mol' 1 s'1), [TCE] is concentration of 
TCE (mol L '1) and [MnO/] is concentration of MnCV (mol L'1).
If KMn0 4  is maintained in excess, (greater than five times the stoichiometric 
requirement based on the amount of TCE present), the reaction can be adequately 
described as pseudo-first-order reaction according to equation 2.2 (Huang et a l, 1999).
S ^ l~ -k ,[T C E ]  (2 .3)
at
where k\ is pseudo-first-order reaction constant (s'1) and is related to k% as:
kx = k2[MnO^] (2.4)
Treatment of chlorinated ethenes with KMnC>4 has shown chemical oxidation to 
be second-order with rate constant of 0.67 ± 0.03 mol' 1 L s' 1 and independent of pH over 
a range of pH 4 to 8  (Yan and Schwartz, 1999). Huang et al. (1999) also examined 
oxidation of TCE with KMnC>4 using zero head space syringe reactors. They reported a 
second-order rate constant of 0.89 ± 0.03 mol' 1 L s' 1 and activation energy of 35 ± 2.9 k l 
mol'1.
2X 3 Field studies of use of KM 11O 4 to Oxidize DNAPLs in Porous Media
Permanganate ion has a long history of successful application in the drinking 
water and wastewater treatment industries for the oxidation and removal of organic 
contaminants (Steel and McGee, 1979) including halogenated compounds (Singer et a l, 
1980). Early studies using permanganate for remediation of contaminated sites 
demonstrated the viability of this compound for the destruction of organic contaminant.
During the past 10 years, a growing number of investigators have conducted studies
10
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exploring different factors affecting permanganate oxidation chemistry while focusing on 
different chlorinated ethenes under different conditions.
In a series of batch tests, Schwartz and Yan (1998) investigated the oxidative 
treatment of TCE using KMn0 4 - This study revealed that the removal rate was rapid in 
aqueous solutions. Both chloride and hydrogen ions were monitored throughout the 
experiments. The results of mass balance calculations suggested complete dechlorination. 
They also concluded that by-products of TCE and KMnCL reaction were much less 
harmful as compared to TCE. Also most of the compounds produced during TCE 
oxidation with KMn( > 4  are miscible with water and hence can be easily removed 
afterwards with flushing.
Pilot-scale testing at the US Army Cold Regions Research & Engineering 
Laboratory in Hanover, New Hampshire evaluated the effectiveness and feasibility of 
treating TCE in low permeability zones of soil using concentrated KMnCL (McKay et al., 
1998). This study concluded that in order for complete remediation of the site, 
significantly larger volumes of KMnCL solutions or higher concentrations of KMnC>4 are 
needed.
Investigation of in-situ oxidation conducted by Schnarr (1992) and Schnarr et al. 
(1998) involved one-dimensional column experimentation and controlled field 
experimentation at Canadian Force Base Borden near Alliston, Ontario. Laboratory 
results from the work indicated nearly complete destruction of residual TCE in soil 
columns with flushing of aqueous concentrations o f KMnCL ranging from 7.5-10 gm/L. 
The oxidation processes deteriorated when the pH of the solution was raised to 8.2 and 
increased significantly at a pH of 4.2. Results from field experiments suggested that 
subsurface distribution of DNAPL had a significant effect on rate of removal.
11
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Several researchers have also investigated effect of MnOa and carbon dioxide on 
overall mass transfer rate and hence removal rate of TCE from contaminated soil. 
Through two-dimensional tank experiments, Reitsma and Marshal (2000) demonstrated 
that MnC>2 may lead to reduced permeability of the soil and can block the convective 
flow and diffusion of KMnCL into DNAPL pools. MnOa may coat soil grains and may 
result in reduced permeability of porous medium (LaChance et a l, 1998). Nelson et al. 
(2001) indicated through mineralogical studied that MnCh coatings are uniformly 
distributed on soil grains. Observations of coatings using transmission electron 
microscopy indicate that Mn0 2  layers are of the order of 1 micron thick, and 
consequently, the decrease in porosity through the formation of the coatings is negligible.
A separate CO2 vapor phase can also be created if the carrying capacity of the 
groundwater is less than the rate of production of CO2 (LaChance et al., 1998). CO2 can 
also enhance mass transfer by mobilizing TCE vapours (Reitsma and Marshal, 2000). '
2.2 Mass Transfer
2.2.1 Process of Mass Transfer
The rate of mass transfer from the DNAPL phase to aqueous phase is of utmost 
importance in deciding the fate of DNAPL in the contaminated zone. The rate of mass 
transfer will determine dissolved phase concentrations in flowing groundwater as well as 
the persistence of DNAPLs in contaminated zone.
Rate of mass transfer depends on contact area between two phases, DNAPL 
solubility, physical distribution of DNAPL in the porous media and the groundwater flow 
through and around the DNAPL zone. The driving force for mass transfer is 
concentration difference across the interface of two liquids, which is defined as the
12
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difference between effective solubility of DNAPL and the dissolved concentration in the 
water in contact with the DNAPL (Feenstra and Guiguer, 1996). The overall mass 
transfer process operates on two levels, pore-scale mass transfer and macro-scale mass 
transfer. Both these mass transfer phenomena are discussed below.
2.2.2 Pore-Seale Mass Transfer: Residual Zone
The residual zone is a portion of soil where DNAPL is present as disconnected 
immobile blobs in less than or equal to 10% of the pore space. Groundwater flow through 
unoccupied pores providing a large contact area as illustrated in Figure 2.1. The presence 
of DNAPL reduces relative permeability of the medium to water but pore-scale 
distribution occurs as water flows through the residual zone (Feenstra and Guiguer, 
1996).
Investigation of a subsurface system by Powers et al. (1991) indicated that the 
rates of interfacial mass transfer between NAPL and water may be limiting factor in the 
dissolution of NAPL in groundwater. Using one-dimensional column experiments, Power 
et al. (1994) demonstrated that dissolution rate of NAPLS also depend on distribution of 
the NAPL in porous media, grain size, grading of porous media and flow rate of water 
through the contaminated zone. Complex relation between DNAPL concentrations in 
groundwater and flow velocity was studied by Geller et al. (1993). They argued that high 
flow rates reconfigure blobs into smaller sizes with higher interfacial areas and the length 
of the mass transfer zone increases at higher velocities. Mathematical solutions for one­
dimensional column developed by Hunt et al. (1988) demonstrated that DNAPL residual 
can persist for long periods releasing low aqueous concentrations as mass transfer rates 
decrease with time. Similar one-dimensional column experiments were conducted by
13
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Imhoff et al. (1994) showing that minimal amounts of TCE remained trapped within the 
medium after thoroughly flushing with water. They also proved that mass transfer rate 







Figure 2.1: Dissolution: Pore-scale (modified after Feenstra and Guiguer, 1996)
Dissolved DNAPLs are generally found in groundwater at concentrations lower
than solubility of the DNAPL. Extensive research has been conducted to determine
contribution of residual zone to this concentration. Based on field studies, Anderson et al.
(1992) attributed low concentrations to the following three points: 1) mass transfer
limitations in the residual zone; 2) diversion of flow around, rather than through the
residual zone; and 3) organic fluids forming flat pools on top of bedding planes, thereby
reducing the cross-sectional area available to oncoming ground water. Results indicated
that the concentrations quickly approach saturation concentrations while the flow is
through residual zone. Low concentrations observed in groundwater are not due to
limited pore-scale mass transfer from zones of residual DNAPL saturation, but because
of low mass transfer at the macro-scale (Anderson et a l, 1992)
14
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2.2.3 Macro-Scale Mass Transfer: DNAPL Pools
A soil zone with as much as 50-70% voids space occupied by DNAPL is 
considered as a pool of DNAPL. Because of presence of high amounts of DNAPL, pools 
generally have low permeability for water. So dissolution of DNAPL takes place as 
groundwater passes along the edge of the pooled DNAPL pool (Feenstra and Guiguer, 
1996). In a similar study Sale et al. (1998) suggested that distribution of DNAPL 
concentration in the aqueous phase is the result of advection and longitudinal and 
transverse dispersion.
Two-dimensional tank experiments conducted by Schwiile (1988) established 
mass removal rates from DNAPL pools. Dissolved concentrations of TCE were found to 
be well below solubility limits but mass transfer increased with increasing flow rate. The 
concluded that DNAPL pools could persist on the bottom of the aquifers for long periods 
of time.
Pool studies conducted by Pearce et al. (1994) and Whelan et al. (1994) indicated 
changes in aqueous concentration over a few centimeters above the pool and the 
dissolved DNAPL concentrations decreased with increasing vertical distance from the top 
surface of the pool, resulting in steep concentration gradients. Increase in groundwater 
velocity lead to increase in concentration gradient. Also the individual point 
concentrations were found to be only a fraction of the solubility limit. Through a similar 
flow cell study, Oostrom et al. (1999) concluded that the observed TCE concentrations 
were a result of a combination of entrapped residual and pool dissolution.
Sale (1998) suggested that mass transfer rates from a pool are not strongly 
dependent on pool length. He argued that this was due to high dissolution rates at the
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
front edge of the pool. He also pointed out that reducing the length of the DNAPL pool 
by a factor of 25 would only reduce down-gradient concentrations by a factor of 2.
2.2.4 Effect of TCE Oxidation by KM 11O4 on Overall Rate of Removal
There has been relatively little work performed on directly observing mass 
transfer enhancement of TCE removal because of its chemical oxidation w ith  KM11O4. 
Reaction between KM11O4 and TCE will tend to increase the mass transfer rate due to 
increased chemical gradients within the film surrounding the interface between water and 
TCE (Schnarr et al., 1998). The increase in the mass transfer rate due to this effect is 
referred to as an enhancement factor.
Reitsma and Dai (2000) quantified the enhancement factor through theoretical 
analysis of a single non-aqueous phase liquid oxidation in a pool. They showed through a 
mathematical analysis that on local scale, longer diffusion distances or faster reaction 
rates can largely enhance the rate of mass transfer. They showed that if flushed with 10 
gm/L of KMnCL, the rate of removal of TCE can be enhanced by as much as 5 time that 
with only dilution. Many other researchers have shown experimentally that rate of 
removal of TCE is enhanced because of KMn0 4  flushing.
Section 2.1.3 site some researchers work indicating that CO2 and MnOa can 
decrease mass transfer of TCE into the aqueous solution in later stages of the flush in g. 
Dai (2003) conducted a detailed study of the effects of both CO2 and M31O2 on overall 
mass transfer rate during oxidation of pooled perchloroethylene with KMnO#. According 
to Dai (2003), although presence of CO2 reduced the relative permeability of water and 
prevented flow of KMn0 4  in the pool but it also carried PCE vapours and provided an
16
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alternative transport mechanism for PCE to the pool edges. Dai (2003) also indicated that 
MnOi zone was had much less hydraulic conductivity than the original sand.
2.2.5 Sequestering of M 11O2 with sodium silicate (Na4Si0 4 )
No literature is available on direct sequestering of Mn0 2  with Na4 SiC>4 . However, 
several studies are available regarding the sequestering properties of Na4 SiC>4 for metals 
like manganese and iron, particularly in relation to sequestering of iron (Dart and Foley, 
1970; Browman et al., 1989).
The nature and efficiency of the sequestering process depends on the polymeric 
state of the sodium silicate. Sodium silicates and other alkali metals are solutions 
containing 20% to 36% silica as SiCb. The ratio of SiOitNaaO are critical to the 
properties of sodium silicates. The exact structure and properties of sodium silicates is 
unknown, however Falcone (1982) described sodium silicate polymers in water as “ball 
shaped molecules consisting mostly of branching structures with a surface of hydrophilic 
ends and a middle group”. Sodium silicates tend to de-polymerize to monomeric silicic 
acid or to polymerize to colloidal material (Iler, 1979).
N-sodium silicate sequestration ability is better understood in terms of its action 
on iron than manganese. Experiments on the use of sodium silicates to sequester iron in 
the presence of chlorine water were conducted by Henry (1949, 1950). Since this work, 
other researchers have suggested the use of sodium silicate for sequestering iron. A 
logical chemical interpretation of the action of sodium silicate and chlorine on iron has 
recently been developed (Browman et al., 1989). The process can be understood as the 
oxidation of iron by chlorine, which begins the hydrolysis of iron to an oxyhydroxide 
solid phase. However, sodium silicate disperses iron oxyhydroxide particles by charging
17
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the particles negatively. Browman et al. (1989) demonstrated the existence of an iron 
containing colloidal of sodium silicate.
Less research has been reported on manganese sequestering by sodium silicate. 
Dart and Foley (1970) concluded that manganese was not as effectively treated by the 
addition of sodium silicate as was iron. Dart and Foley (1970) also hypothesized that 
manganese treatment differs from iron treatment in that chlorine is not a very rapid 
oxidant for manganese. They conclude that the process does take place, but is not as 
effective as for iron. Interestingly, Hazel (1945) reported that sodium silicate can protect 
manganese oxide against flocculation, indicating that treatment effectiveness could be 
improved.
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3: M A T E R IA L S  AND METHODS
3.1 Introduction
As mentioned in Section 1.4, three sets of experiments were conducted to 
accomplish the objectives of research. Materials and methods used for each set of these 
experiments are discussed in subsequent sections in this chapter.
3.2 Vial Experiments
Experiments to achieve objective 1 were conducted to determine the optimum 
amount of Na4 SiC>4 required for sequestering a unit mass of MnCh. The experiments were 
based on visual observation. A number of 20 mL transparent glass vials were prepared at 
various concentrations of KMnCL (1 g/L to 6  g/L) and Na4 SiC>4 (1 g/L to 17 g/L).
Concentrated solutions of KMnCL and Na4 SiC>4 were prepared in de-ionized 
water. These solutions were diluted and mixed together in proportions required in a 
particular experiment. In all experiments mass ratio of Na4 Si0 4  to KM13O4 was 
maintained from 1 to 5, but this was done at a number of concentrations of both 
chemicals. 10 mL of the solution of KMnCL and Na4Si(> 4  was taken for each experiment. 
A few drops of pure TCE were added to each vial. In all experiments KMnCL was the 
limiting reagent in the oxidation process. The physical nature of the products inside the 
vials was visually observed twice a day. The pH of the solution was regularly monitored 
by using Microprocessor pH meter supplied by HANNA Instruments. All experiments 
were conducted at room temperature.
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3 3  Reaction Kinetics Experiments
Kinetics experiments were conducted to determine the effect of Na4 Si0 4  on the 
activation energy and rate of oxidation of TCE with KMnC>4 . The concentration of TCE 
was directly measured in different reaction mixtures using a Gas Chromatograph (GC). 
The experiments were repeated at different temperatures in order to calculate activation 
energy of the reaction. Two separate sets of experiments were conducted, one with 
NatSiCL solution in the reaction mixture and the other without.
In the first set of experiments, solutions of TCE (1.1 g/L) and KMnC>4 (1 g/L) 
were prepared in Milli-Q water and stored in 2 mL glass vials in a temperature bath to 
reach desired temperature. These solutions were used in all the five experiments of this 
section. Reactions were carried out at different temperature in each experiment. After 
leaving each individual solution in the temperature bath for half an hour, 200 pL of TCE 
solution were injected in a 2 mL glass vial containing 2 mL of KMnCL solution. This 
resulted in dilute concentration of TCE (nearly 0.1 g/L) in the reaction solution at the 
start of the reaction. The reaction time was noted down to be 0 seconds at the time of 
injection. 100 pL of this reaction solution was removed from 2 mL vial from time to time 
and injected into 20 mL glass vials containing 10 mL of Milli-Q water and kept at a 
temperature of 5°C. This was done so as to quench the reaction between TCE and 
KMnCL due to dilution and temperature decrease. The 20 mL head space vials containing 
quenched reaction solutions were then analyzed for TCE concentration using a GC which 
was calibrated for TCE concentrations in the range of 38.5 pg/L 29.9 mg/L. The 
calibration curve is shown in Appendix E. The values of concentration of TCE provided 
by the Gas Chromatograph were analyzed to find reaction rates and activation energy of 
the reaction between TCE and KMnCL.
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In the second set of experiments, Na4 Si0 4  was also added to the KMnC>4 solution. 
The concentration of Na4Si0 4  was kept at 4 g/L in all the experiments and KMnC>4 was 
used at previous concentration of 1 g/L. Again solutions of saturated TCE (1.1 g/L) and a 
solution of KM11O4 and Na4 Si0 4  were kept in the temperature bath for half an hour. Then 
200 fiL of TCE solution were injected into a 2 mL of KMnC>4 and Na4 Si(> 4  solution 
placed In a 2 mL glass vial. The time of the injection was considered to be start of the 
reaction. Samples were again draw at different times and injected into 20 mL glass vials 
containing 10 mL of Milli-Q water at 5°C. As before these samples were analyzed for 
their TCE content using a GC. These experiments were repeated at different reaction 
temperatures and the resulting data was used to determine rate of reaction and activation 
energy of reaction between TCE and KMnCh in presence of Na4 Si(>4 .
3.4 Tank Experiment
This experiment was conducted to study the effect of sequestering of MnCh on 
overall removal rate of pooled TCE. A two-dimensional brass tank with transparent glass 
walls was designed to carry out the experiment. The tank was partitioned into two 
identical chambers with a bentonite layer in the middle to carry out two simultaneous 
experiments, one in each chamber. Details of experiment are discussed in following 
sections.
3.4.1 Tank Design
Details of the experimental tank are illustrated in Figure 3.1. The tank was 
primarily constructed from brass with glass walls on both sides. A frame made from 1.91 
inch thick and 2.54 cm wide brass bar was used to secure the glass from outside. A viton
21
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o-ring was applied on both sides of the tank between glass and brass frame to ensure that 
the tank remains leak proof while under pressure during the experiment. PYC plugs (ID =
leading to influent and effluent containers. Five openings (16.5 cm x 1.1 cm) were 
located at the top of the tank in order to fill the tank with sand and provide place for 
injection ports and pressure transducers. These slits were tightly closed with a brass plate 
(121.6 cm x 5 cm x 1.2 cm), having a number of openings for fixing injection valves and 
pressure transducers. Unused ports were plugged using PVC plugs. Another viton o-ring 
was used to seal the top plate of the tank to ensure the tank was leak proof. Similarly the 
bottom plate of the tank was provided with openings for injections ports and pressure 
transducers.
Figure 3.1: Schematic diagram of the tank (not drawn to scale).
Figure 3.1 indicates the locations of all the injection ports and pressure transducer 
channels. Injection ports were constructed using 1/16" OD stainless steal tubing, each 30
1.0 mm) located at the inlet and outlet were connected to viton tubing (ID = 1.3 mm)
Bentonite <121 7x8 6*2.6)
P ressu re  Transducer Ports
' . /  ' \  ~ T ......................................
Fins Silica B eds (106.7x13.4x2.6) \ /  C oarse Sand L p t O
| 3 f  Flow / X  (7.5 x 13.4 x 2.6)~~~
" ^ B e n to n ite (1 2 1 .7 x 4 .5 x 2 .6 ) /  \
B rass Fram e
Injection Ports /  * Overall tank dim ensions (121.7 x45 .8  x 2.6)
* Dimensions are given in cm.
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cm long In length. Compression fittings designed for liquid chromatography were used to 
seal the tubing in the tank faces. Teflon septa (0  = 6  mm) placed in each injection port 
that allowed insertion and removal of syringe without causing any leakage. Once the tank 
was complete it was leak tested. No leaks were observed accept at one of the comers. 
This was easily taken care of by tightening the frame screws.
3.4.2 Sand Characteristics
Silica sand was employed in all the experiments. Two kinds of particle sizes 
(coarse and fine) were chosen to serve different purposes. Coarser sand was packed on 
both exit and entrance of the tank in order to provide uniform horizontal flow throughout 
the body of fine sand bed. Because of this injected solution first spread throughout the 
coarse bed and then uniformly penetrated into the fine bed when injection of 
permanganate solution began. Layers of bentonite were also used in order to ensure no 
leakage at the top (121.7 cm x 8.5 cm x 2.6 cm) and bottom (121.7 cm x 4.5 cm x 2.6) of 
the tank. Also a layer of bentonite (121.7 cm x 6.0 cm x 2.6cm) was inserted to split the 
tank in two identical chambers having no hydraulic communication with each other. 
Partition of the tank enabled performance of two simultaneous experiments having the 
same flow conditions but with different injection solutions to allow direct comparison of 
results.
To ensure homogeneous packing and uniform hydraulic conductivity in each bed, 
all sand was sieved before use. Finer sand was sieved from mesh size #150 (106 micron) 
to #200 (75 micron) and the coarser sand was sieved from #80 (177 micron) to #100 (150 
micron). Sand porosity was calculated based on the laboratory procedure outlined by 
Fetter (1994). A known volume of sand was placed in an oven at 105°C for 24 hours to
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remove moisture. The mass of this sample was measured and used to determine the bulk 
density. The porosity was then calculated as outlined in Appendix A. Five samples of fine 
sand were tested for measuring porosity and the results were averaged to get the final 
value,
3 A 3  Experimental Preparation
Following a successful leak testing, the tank was filled with dry bentonite to a 
depth of 4.5 cm. A 50 cm long and 2.5 cm deep trough was left in the middle of the 
bentonite layer as shown in Figure 3.1. This trough was later used to retain a pool of 
TCE. Figure 3.1 shows the relative dimensions o f the troughs and bentonite layers. One 
can also see partition of the tank into two chambers by the central bentonite layer (Figure 
3.2). (Figure 3.2 is modified to make the sections of the picture clearer). The troughs 
were adjusted so as to have all the injection ports about 0.5 cm above the bentonite layer. 
Bentonite was added in lifts of approximately 3 cm thickness. After each lift was added, 
the tank was lightly tapped to compact the bentonite. After applying the bentonite layer, 
the upper portion of the tank was filled as three simultaneous layers, one in the centre 
with fine sand and two on each side with coarser sand. Two pieces of stiff cardboard 
were used to keep the coarse and fine sand separate from each other and were later on 
removed after the packing was complete. The filling was stopped when the silica layers 
were 13.4 cm high. Again a bentonite layer, with a trough in it, was laid and then another 
set of similar silica sand was packed in the upper portion of the tank. Figure 3.2 shows a 
fully packed tank.
After the filling was complete, the upper brass plate was tightly fastened. Now 
TCE injection ports were inserted through openings provided in the upper and the lower
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tank faces. Two ports at either side of the troughs were kept to connect attach 
transducers. All the ports were properly sealed and the tank tested for leakage. The tank 
was then flushed with CO2 for one hour to displace air in the sand. CO2 dissolves in water 
more readily than air and helped in attaining saturation with water. The sand was then 
saturated with de-ionized, de-aired water for two days to ensure complete dissolution of 
CO2 in water and complete saturation of the sand.
During the initial wetting, settling of fine sand occurred and gaps developed in 
both the chambers. These gaps helped wetting of the bentonite. Because of wetting, the 
bentonite expanded. This expansion further compressed the fine sand and removed all the 
gaps. This phenomenon occurred three times resulting in compaction of the silica sand.
3.44 TCE Emplacement .
TCE was injected into the fine sand troughs created in the bentonite layers in both 
the chambers (Figure 3.2). Equal volumes of TCE were injected through four separate 
ports in each bed. A 1 mL gastight glass syringe was used to make injections. Each port 
was secured by Teflon septa to avoid leakage during insertion and removal of the syringe. 
Because of high capillary pressure of fine sand uniform spreading was not fully 
accomplished. A 7.5 g TCE was injected in each trough. Before injections, TCE was 
mixed with Sudan-XV, a red colored dye. This made it easy to trace movement of TCE, 
which in itself is clear and hence practically impossible to locate in a wet silica sand bed. 
The bed was left undisturbed for a couple of days to let TCE spread on its own towards 
the lower sections of the trough. Not much movement was observed during this time; 
hence water flushing was commenced to determine TCE mass removal rate through 
dissolution.
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Figure 3.2: Location of different sand layers in the tank before start of the experiment.
3.4.5 Flow Rate
Flow rates were maintained using a Cole-Parmer peristaltic pump equipped with a 
Masterflex PTFE Tubing Pump Head Model 77390-00 employing 4.0 mm OD PTFE 
tubing. A flow rate close to 1 mL/min was maintained through each chamber to establish 
an average velocity close to 1 m/day in the sand representative of a realistic groundwater 
velocity. This flow rate produced approximately 1 pore volume of flow through the tank 
per day or approximately 1.5 L/day through each chamber. Measurements of flow were 
made once or twice a day by collecting effluent in a graduated cylinder. Influent volumes 
were also measured and total mass balance analysis was made. .Refer to Appendix B for 
flow rate and flush volumes associated with the experiment.
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3.4.6 Running and Sampling Procedures
Solution of desired concentrations o£KMnC>4 was prepared by dissolving granular 
KMn0 4  crystals in de-ionized, de-aerated water. Another solution of desired 
concentration of KMnCL and Na4 Si0 4  was prepared by dissolving KM11O4 crystals and 
37.5% solution of Na4Si0 4  in de-ionized, de-aired water. The solutions were thoroughly 
stirred with a 23 Watt (115 V x 0.2 A) magnetic stirrer provided by Fisher Scientific. 
Mixing was stopped once the solutions were homogeneous. Both the solutions were 
stored in separate 50 L glass containers and were used as reservoirs for injections.
Sampling of the effluent solutions was started right after the injection began. The 
samples were collected at the end of each chamber. Sampling was done once or twice a 
day depending on the stability of the flow rates. Glass vials fitted with Teflon septa and 
steel caps were used to store the samples. Approximately 10 mL of outgoing solution was 
collected each time. During the water flush, all the TCE samples were placed in head 
space vials sealed with Teflon septa and were immediately tested for concentration of 
TCE using a GC. During the KMnCV Na4 Si0 4  flush, the samples were collected in 
similar manner. These samples were analyzed for their total content of chloride, produced 
during reaction between TCE and KMnCL using an Ion Chromatograph (IC).
3.5 Analytical Methods
TCE was analyzed with a Hewlett Packard 5B90A Flame Ionization Detector 
(FID) Gas Chromatograph (GC) equipped with a DB-624 column (length 75 m, ID . 0.53 
mm) using N2 carrier gas with a flow rate of 1.5 mL/min. In all the experiments, injector 
temperature was set at 250°C and detector temperature was set at 300°C. The detection 
limit of the GC fro TCE was 25 parts per billion (ppb). Concentrations of samples were
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determined using a calibration curve prepared by using standard solutions as specified by 
US EPA Method 3810 (US EPA, 1986).
The effluent was tested for its chloride, chlorate and chlorite content, using an Ion 
Chromatograph (IC) DX-500 provided by Dionex Corporation. The Ion Chromatograph 
employed CD-20 Conductivity Detector and GP-50 Gradient Pump. The instrument was 
further equipped with AS-40 auto-sampler. A high hydroxide selective 4-mm IONPAC 
AS16 Analytical Column (P/N 055376) was used along with AG16 Guard Column and 
ATC3 Trap Column. A 10 pL injection loop was used for all the experiments. The 
column was operated at maximum pressure of 2000 psi and at a flow rate of 1 mL/min 
under isocratic conditions. Sodium hydroxide (NaOH) (35mM) was used as elluent and
3.2 mM solution of sulfuric acid ( H 2 S O 4 )  was used as regenerant for the column. The 
effluent solutions were diluted to 1/10® of their concentration before analysis. The 
minimum detection limit of IC for chloride, chlorite and chlorate were 10 ppb, 15 ppb 
and 15 ppb respectively.
Atomic Absorption Spectrometer, ASS (Model # G800F) was used for measuring 
concentration of dissolved manganese in various oxidation states during vial experiments. 
The instrument was provided by Shimadzu Corporation. All solutions were made in 10% 
nitric acid (HNO3) to keep a uniform matrix throughout. The detection limit of the AAS 
was 2 ppb for manganese. A calibration curve was generated using five standard 
manganese samples of known concentrations (regression coefficient 0.9997). The 
calibration curve is shown in Appendix E.
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3.6 Materials
Commercial KM11O4 was purchased from Pot-Perm. Research grade TCE (99+% 
pure) was purchased from Aldrich Chemical Co., Milwaukee. Commercial grade N- 
Sodium Silicate (Na4 Si0 4 ) (37.5% solution in water) was purchased from National 
Silicates Limited, Canada.
Chemicals used in running and calibrating the IC included NaOH, H2 SO4 , NaCl, 
NaOCl, NaClOi, NaClOs, NaC1 0 4 - Standard research grade solutions of all these 
chemicals were purchased from Aldrich Chemical Co., Milwaukee. Concentrated HNO3 
was also supplied by Aldrich Chemical Co., Milwaukee.
3.7 Sources of Error
Errors are inevitable during experiments. There are many factors that might have 
caused error during the experiments. Some potential sources of errors have been 
recognized as following:
1. Measurement of volume with measuring cylinders.
2. Losses due to evaporation and handling.
3. Temperature fluctuations during running the experiments, especially in reaction 
kinetics experiments.
4. Side reactions such as reaction of KMn0 4  with TCE, natural degradation of 
KMnCL and reaction of chlorate and chlorite with TCE.
5. Slight overlap of peaks during measurement of concentration of chloride, chlorite 
and chlorate.
6 . Approximations used in producing calibration curves.
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7. Approximations used in calculating area under the curves to get cumulative 
properties.
8 . Fluctuations in flow rate during Tanks Experiments.
9. Loss of TCE due to its low vapor pressure.
10. Uncertain contaminations of standard solutions of some of the compounds such 
as chlorate which contained at least 4% of chloride.
11. Hygroscopic nature of sodium silicate and sodium chlorate.
There could be many other possible sources of error including human errors as well as 
instrument tolerance and accuracy.
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CHAPTER 4s RESULTS AND DISCUSSION 
(Vial Experiments)
4.1 Introduction
Vial experiments were performed at the preliminary stage of the research to 
identify a chemical additive to KM11O4 that would reduce the amount of M n02 
precipitates and at a later stage to assess the applicability of that chemical at different 
concentrations of KMnC>4 in solution. This section presents the procedure of selection of 
Na4 SiC>4 as potential sequestering agent for M n02. Also discussed are the optimum 
conditions under which Na4 Si0 4 is most efficient in keeping M n0 2 in solution. All results 
are based on visual observations.
4.2 Selection of Na4Si04
There were many constraints on a sequestering agent that could be used for 
sequestration of M n0 2 because of experimental conditions, chemical environment, 
economics etc. A few desirable properties of a sequestering agent are summed up as 
follows:
1. Not be hazardous to human health.
2. Sequester M n0 2 to the extent that we could use it in the experiment.
3. Not react with KMn04.
4. Stable in groundwater.
5. Economical.
6 . Easily available.
7. Highly soluble in water.
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The beginning of our search for such a chemical, some low reactivity organic 
acids like malonic acid (C3H4 O4), succinic acid (C4H6O4) and glutaric acid (CsHgO^ 
were tested. All these acids sequestered MnCh to some extent. Due to its highly oxidizing 
nature, KM11O4 reacted with all these acids at room temperature. Malonic acid was the 
only one which showed promise as its reactivity with KMnCh was much lower than the 
other acids tested at 10°C and it was able to sequester M11O2 more effectively than other 
acids. However, high concentrations of malonic acid were required to achieve no 
precipitation (approximately 1 0  times more than the weight of MnOi that was being 
sequestered). Moreover this method was very sensitive to pH change. It was effective 
with pH strictly below 4.
As mentioned in Section 2.2.5, Na4 Si0 4  had been successfully used in 
sequestering iron and manganese from contaminated water. The experiments were 
reported only at very low concentrations of these metals. No results were presented for 
higher concentrations of manganese or iron. Moreover, the sequestering of manganese 
metal by first oxidizing it to its hydroxides or oxides by chlorine and then sequestered by 
Na4 SiC>4 is reported in the literature. In our experiments, MnOa was prepared not because 
of oxidation of manganese but because of reduction of KMn0 4 . It was thought that 
Na4 Si0 4  might sequester M11O2 being generated in reaction between TCE and KMn0 4 . 
Experiments were designed to determine the effect of Na4 Si0 4  on M11O2 precipitation 
produced during oxidation of TCE with KMnCA (see Section 4.3). Effects caused by the 
presence of Na4 SiC>4 on reaction between TCE and KMn0 4  were also tested as discussed 
in Chapter 5.
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4.3 Sequestration of M11O2
The process of preventing M11O2 precipitation by Na4 Si(> 4  is most likely 
sequestration but the process is not well understood. MnOa particles may be attracted 
towards negatively charged Si044' ions. Upon the formation of MnCh particles, they may 
become surrounded by negatively charged silica particles, which repel each other and 
hence prevent precipitation of MnOi.
After realizing that Na4 SiC>4 could sequester M 1O2 , a number of vial experiments 
were conducted with different concentrations of Na4 Si0 4 , KMn(> 4  and TCE to determine 
optimum conditions. Separate solutions of selected concentrations of KMnC>4 and 
Na4 Si0 4  were prepared in Milli-Q water and were mixed together in 20 mL vials to 
achieve desired concentrations. A few drops of pure TCE were then added to each vial 
and the solutions were observed for the next few days. The resulting solutions behaved 
differently depending on relative concentrations of KMnCL and Na4 Si0 4 . Depending on 
the appearance, the final solutions were recognized by three phenomena; a) sequestration, 
b) gelation and c) precipitation. Figure 4.1 shows sample pictures for each case; 
precipitation, gelation and sequestration. Table 4.1 lists absolute and relative 
concentrations of KMnCL and Na4 SiC>4 as well as the end result, five days after a few 
drops of TCE were added to these solutions. It was also observed that Na4 Si0 4  buffers 
the solution at a pH around 10.5. It was a general observation during the experiments that 
without Na4 SiC>4 , pH of the reacting solutions quickly fell below 3.
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Figure 4.1: (a) Sequestration, (b) gelation and (c) precipitation. Concentration of
KMn0 4  in all the solutions is 0.1 g/L.
No sequestration took place in solutions, which had Na4Si0 4 i KMnCfi less than 4. 
This visual observation was further tested with the help of A AS. Extracts from the first 
five samples listed in Table 4.1 were analyzed for their content of dissolved manganese 
in any oxidation state. Extracts from first three samples (1, 2 and 3 in Table 4.1) were 
directly analyzed for their concentration of manganese. No manganese was observed in 
these samples. Samples 4 and 5 (Table 4.1) were diluted to 1/500 of their concentration 
before analyzing them using AA. Results of the experiment are shown in Table 4.2. 
Under any conditions, either Na4Si0 4  sequesters M11O2 completely or it does not 
sequester at all. No explanation could be postulated or found in literature.
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Table 4.1: Final Physical State of M11O2 Depending on Relative Amount of KMnCL











Final pH Final State of 
Solution
1 1 1 1 . 0 1 0 . 2 Precipitation
2 1 2 2 . 0 1 0 . 2 Precipitation
3 1 3 3.0 10.3 Precipitation
4 1 4 4.0 10.4 Sequestration
5 1 5 5.0 10.4 Sequestration
6 2 6 3.0 10.5 Precipitation
7 2 7 3.5 1 0 . 6 Gelation
8 2 8 4.0 1 0 . 6 Sequestration
9 2 9 4.5 10.7 Sequestration
1 0 3 1 0 3.3 10.7 Precipitation
1 1 3 1 1 3.7 10.7 Gelation
1 2 3 1 2 4.0 10.7 Sequestration
13 3 13 4.3 1 0 . 8 Sequestrati
14 3 14 4.7 10.7 Sequestration
15 4 1 2 3.0 1 0 . 8 Precipitation
16 4 13 3.3 1 0 . 8 Precipitation
17 4 14 3.5 1 0 . 8 Gelation
18 4 15 3.8 1 0 . 8 Gelation
19 4 16 4.0 10.9 Sequestration
2 0 4 17 4.3 10.9 Sequestration
2 1 4 18 4.5 10.9 Sequestration
2 2 5 14 2 . 8 1 0 . 6 Precipitation
23 5 15 3.0 1 0 . 6 Precipitation |
24 5 16 3.2 1 0 . 6 Precipitation I
25 5 17 3.4 10.7 Gelation
26 6 14 2.3 1 0 . 6 Precipitation
27 6 15 2.5 1 0 . 6 Precipitation
28 6 16 2.7 1 0 . 6 Precipitation
29 6 17 2 . 8 1 0 . 6 Precipitation
No direct observation was made of the phenomena of sequestration. It was 
assumed that MnOi was being sequestered by Na4 Si€>4 as soon as it was formed. Dart and 
Foley (1970) indicate that NajS'iC^ sequesters manganese oxides and dioxides as soon as 
they are formed from manganese by inducing negative charge on their surfaces. The 
phenomenon of sequestration remains the same where MnOi is being formed through
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- J l
reduction of KMHO4 as through oxidation of Mn , although the vial experiments are not 
definitive. The experiments proved that if  weight ratio of Na4 SiC>4 to KM11O4 was kept 
more than 4, MnOj was kept in aqueous phase in each case without exception.








[Na4 Si0 4 ]/
[KMn04]
Dilution Concentration of 
Manganese 
(mg/L)
1 1 1 1 1 0.0051
2 1 2 2 1 0.0068
3 1 3 3 1 0.0061
4 1 4 4 1/500 1.897
5 1 5 5 1/500 1.864
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CHAPTER 5; RESULTS AND DISCUSSION 
(Reaction Kinetics Experiments)
5.1 Introduction
Experiments to achieve objective 2 were conducted to determine i f  the presence 
o f  N a 4 S i C > 4  influence reaction rates o f  TCE with K M 1 1 O 4 .  Two sets of experiments were 
conducted, one to find the rate of reaction and the activation energy of reaction between 
TCE and KMn0 4 . The second set of experiments was designed to find the rate of reaction 
and the activation energy of reaction between TCE and KMn0 4  in presence of Na4 SiC>4 . 
Details of experimental procedure have already been discussed in Section 3.3. The 
following sections will sum up the findings of these experiments.
5.2 Reaction between TCE and KM 11O4
Reaction between TCE and KM11O4 was assumed to be second-order because of 
numerous literatures available to back this finding (see Section 2.1.2). The reaction 
between TCE and KM11O4 is irreversible second-order (Schnarr et a l, 1998; Huang et al., 
1999). For analytical purposes, equation 2.3 can also be written in log-linear form for 
after performing integration on both sides as:
ln([TCE}) -  - k xt + C (5.4)
In all the experiments, with or without the presence of Na4SiC>4 , Equation 5.4 was 
used to calculate the reaction rate k\. Both reactions are found to be pseudo-first-order 
with respect to TCE as has been discussed in later sections.
Activation energy of the reactions has been determined using following equation 
(Logan 1996, Case 1997).
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k = A expj Ea/ RTj  (5.5)
where, A: is reaction rate constant (s'1), A is Arrhenius constant (s'1), Ea is activation 
energy (k Joules mol'1), R is universal gas constant (8314 k Joules K ' 1 mol"1) and T is 
absolute temperature (K). This equation can also be re-written as:
l n ( * ) = - £ +  (5.6)
Equation 5.6 is used to find activation energy as different k\ values were made 
available by conducting experiments at different temperatures. The slope of plot between 
ln(ki) and 1/RT is directly read as activation energy in kJ mol"1.
5.2.1 Reaction in absence of Na4Si0 4
Five series of experiments, each at different reaction temperature, were conducted 
in this set. Figure 5.1 shows log of TCE concentration verses time for one of the 
experiments conducted at 10°C. Similar results have been found in other experiments and 
the slopes of such graphs have been used to calculate value of unknown reaction 
parameter as explained in Appendix C. Related calculations for calculating rates of 
reaction at different temperatures are also shown in Appendix C. Value of at 20°C is 
found to be 0.92 ± 0.09 mol" 1 L s' 1 which is in close approximation with value of kj 
(0.89 ±0.07 mol’ 1 L s'1) reported by Urynowicz (2000). Figure 5.2 represents variation 
of k\ with inverse temperature. The slope of the equation is directly read as activation 
energy and is found to be 38 ±0.14 kJ mol'1. This value is close to the one reported by 
Huang et al. (1999) who reported it to be 35 ± 2.9 kJ mol'1.
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Figure 5.1: Log-normal variation of concentration of TCE with time in its reaction
with KM11O4 in absence ofNa4 SiC>4 at 10°C.
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a Ln(k1)  Linear (Ln(k1))
Figure 5.2: Log-normal variation of pseudo-first-order rate constant with temperature
for reaction between TCE and KMnC>4 .
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5.2,2 Reaction in presence of Na4Si(> 4
Five similar experiments, each at different reaction temperature, were conducted 
with Na4 Si(> 4  present. Figure 5.3 shows log of TCE concentration verses time for one of 
the experiments conducted at 10°C. Similar results have been found in other experiments 
and the slopes of such graphs have been used to calculate value of unknown reaction 
parameter as explained in Appendix C. Related calculations for calculating rates of 
reaction at different temperatures are also shown in Appendix C.
3.3
y = -0 .0031x^3.3607o
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Figure 5.3: Log-normal variation of concentration of TCE with time in its reaction
with KMnCL in presence ofNa^SiCL at 10°C.
Figure 5.4 represents variation of k\ with inverse temperature. The slope of the 
equation is directly read as activation energy and is found to be 36 ±2.5 kJ mol'1. It can 
be argued that both rates of reaction at various temperatures as well as overall activation
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energy of the reaction between TCE and KMnC>4 are not influenced by presence of 
Na4 Si0 4 . Minor variations can be attributed to experimental errors etc.
-4.5
-4.7
y = -3 6 .5 2 1 x + 9.7827-4.9
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Figure 5.4: Log-normal variation of pseudo-first-order rate constant with temperature
for reaction between TCE and KMn(> 4  in presence of Na4 Si0 4 .
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CHAPTER 6: RESULTS AND DISCUSSION 
(Tank Experiment)
6.1 Introduction
This chapter presents results and discussion for the two-dimensional tank 
experiment. The results are based on visual observation of the processes that occurred 
during the experiment as well as on the analysis of the samples collected from the 
experiment.
As previously mentioned, two experiments were simultaneously performed in two 
chambers created by partitioning a single tank into two parts with the help of a bentonite 
layer (Figure 3.2). Initial conditions of the experiments were identical except for the 
concentration of Na4 SiC>4 in the influent solutions. This chapter will relate the 
experimental results to observed and theoretically predicted phenomena.
6.2 Dissolution: Pretreatm ent W ater Flush
6.2.1 Saturation of sand prior to TCE introduction
Before injecting TCE, both the chambers were saturated by flushing them with 
de-ionized, de-aerated water. This was done in order to remove air and CO2 from the 
tank. Water flush also led to the wetting of bentonite, which helped in providing a better 
seal between the two chambers. Expansion of bentonite took place because of wetting 
and helped in compaction of the sand beds in both the tanks and hence gave better 
packing.
At the start of the injection the water spread through the coarse beds provided at 
the entrance of both the chambers. The coarse beds acted as constant head boundaries,
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yielding horizontal flow in the finer sand. Rapid injection of water led to only small 
amount of gas entrapment inside the tank near the comers in the coarse sand towards 
effluent end. But after a few days of continuous flushing, all the gas was removed.
After complete saturation of the sand and most of bentonite layers was achieved, 
water flushing was stopped and the tank was kept under positive pressure for five days. 
TCE was injected into the troughs created in bentonite layers in both the chambers as 
explained in Chapter 3. The tank was left undisturbed for a couple of days to allow 
redistribution of the TCE. After TCE distribution, pretreatment water flushing was 
started. Results of this experiment are discussed in the next section.
6.2.2 Dissolution: Effluent
The purpose of pretreatment water flush was to stabilize dissolution of TCE and 
establish rate of removal without chemical treatment. Water flush was performed for 
about 13 days (308 hr.). Effluent TCE samples were collected in zero headspace vials and 
concentrations were measured right after the samples were taken. This was done to avoid 
any losses due to evaporation of TCE. It can bee seen from Figure 6.1 that concentration 
of TCE in the effluent from the lower chamber increased as the flush progressed and then 
reached a near constant value of 120 mg/L. For the upper chamber the initial 
concentration of TCE was high and gradually decreased. This contrasting phenomenon 
happened because while injections in the upper chamber, some TCE climbed along the 
injection ports. This resulted in spreading of TCE in some sections out of the trough 
(Figure 6.2). These TCE sections were vertical in shape and provided a larger surface 
area, which contributed towards high TCE concentration in the effluent at start of the
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experiment. Because of their small size, the vertical zones of TCE were dissolved quickly 
resulting in drop of effluent concentration, which stabilized at 175 mg/L.
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Figure 6.1: Concentration of TCE in the effluent with time in both the chambers.
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Figure 6.2: Difference in spreading of TCE in both the chambers.
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During the pretreatment water flush, fluctuations in the concentration of TCE 
were observed. These fluctuations may be attributed to the fluctuation in the flow rates as 
well as changing surface area and shape of the TCE blobs with time. The change in shape 
of the TCE pool also seems to have contributed towards different in the stabilized 
concentrations in both the chambers. For the upper chamber the stabilized concentration 
of TCE was higher than the lower chamber. Moreover, the dissolved aqueous phase 
concentrations of TCE were considerably lower than solubility limit (1100 mg/L) of TCE 
(Pankow et a l ,  1996) due to dilution. Results of lower chamber flushing are similar to 
results obtained from solubilization experiments conducted by Schwille (1988) who 
measured TCE concentration from a pool in a flat trough yielding measured 
concentrations below 90 mg/L.
6 3  In Situ Oxidation: KM11O4 flush; with and without Na4Si0 4
This section describes observations noted during the KMn0 4  flush through both 
the chambers. In the upper chamber, KMn0 4  was accompanied by Na4 SK>4 and in the 
lower chamber no Na4 Si0 4  was added. The discussion focuses on a number of important 
processes that occurred during oxidation of TCE that might impact mass transfer of the 
oxidant and dissolved NAPL and hence have an effect on removal rate of TCE.
The beginning of the K M n ( > 4  flush was closely observed to monitor the progress 
of the flush. Visual observation of the initial progression of KMn0 4  flow was obvious 
due to deep purple colour of potassium permanganate. Figure 6.3 shows the beginning of 
a flush and KMnCh penetration through each chamber. Observations were noted 
throughout the experiment and time-lapsed pictures were taken. Breakthrough of K M 1 1 O 4
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occurred approximately 26 hours after commencing injection in both the chambers. 
Important details and observations for each chamber are discussed in following sections.
Figure 6.3: Picture taken 16 hours after the start of KMn0 4 /Na4 Si0 4  injection. (Flow
is from left to right).
6.3.1 Lower Chamber: KM11O4 flush without Na^iCL
The lower chamber was flushed with a solution containing 2 g/L of KM11O4. The 
DNAPL pool initially contained 7.5 grams of TCE. Mass balance was made on the 
amount of TCE dissolved during the pretreatment water flush (Appendix B) and it was 
calculated that amount of TCE in the bed was 5.682 grams at the start of KMn04 flush. 
Figures 6.3 and 6.4, taken during the initial stages of the KM n04 flush, illustrate the 
progression of the flushing solution and oxidation reactions occurring within and around 
the TCE pool. It is evident from Figure 6.3 that reaction of KMeQ4 occurred as soon as 
KMn04 reached the front of TCE pool. MnC>2 precipitated leaving a dark brownish-black 
discoloration in the sand. As the experiment progressed, MnOa precipitation increased 
(Figure 6.4). Production of CO2 also contributed to a reduction in permeability of the
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pool and drove out water from some portions of the bed, causing de-saturation as shown 
in Figure 6.4. Therefore most of the reaction between KMn0 4  and TCE occurred around 
the perimeter of the pool and reaction inside the pool was minimal.
e-Saturated Zones
Figure 6,4: Picture taken 136 hours after injection of KMnC>4 commenced. Flow is
from left to right.
As the experiment progressed, the production of C 0 2 was also observed. C 0 2 lead 
to de-saturation of the pool containing TCE. This also resulted in subsequent decrease in 
sand permeability to the KMnCU solution. Figure 6.4 clearly shows that there was no 
KMnC>4 flow in regions occupied by C 0 2. As the experiment progressed, M n0 2 
formation became more prominent around the TCE pool.
M n02 also served as an excellent indicator of where the reaction between KMnCh 
and TCE was occurring. M n0 2 solid was deposited around the top surface of TCE pool. 
The sand right above the pool tamed very dark. As the flush progressed and mass transfer 
from the TCE pool continued, a brownish M n0 2 plume was highly visible downstream
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from the pool (Figure 6.4). The slender shape of the plume extended outwards from the 
pool in the direction of the flow. This indicated that there was little mass transfer in the 
transverse direction. The width of the M11O2 zone down gradient of the TCE zone 
appeared to be broader with NariSiC^ present (upper chamber) suggesting that KM11O4 
was penetrating the M11O2 zone more effectively (Figure 6.5). However the shape of the 
NAPL zone was different in the upper and lower chambers, making this conclusion 
uncertain.
 ̂s    .
Figure 6.5: Picture taken 112 hours after injection of KMnC>4 solution (20 g/L) and
just before post-treatment water flushing.
The effluent samples were collected everyday from the exit ports of both the 
chambers. These samples were later on analyzed for their chloride concentration, which 
was produced because of reaction between TCE and KM11O4.
At few occasions during the run, the effluent ports were blocked because of MnCh 
precipitates. This completely stopped the flow in the tank. The pump was shut down for
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some time and the ports were opened and cleaned before reinstalling. This problem 
occurred more frequently for the lower chamber than the upper chamber.
The experiment continued for 45 days (1091 fars.). The KM11O4 flush was 
discontinued when no further visual changes were apparent. Following the flush, the 
chamber was filled with a concentrated solution (20 g/L) of KMnCh so as to destroy all 
remaining TCE. Even after 5-day exposure to the concentrated KMn04  solution, a pocket 
of unsaturated TCE was left (Figure 6.5). The tank was again flushed with de-ionized 
water after five days. Figure 6 . 6  shows the pictures of the tank after the post-treatment 
water flush.
Figure 6.6: Tank after post-treatment water flush.
6.3.2 Upper Chamber: KM11O4 and Na4SiC>4 flush
In the upper chamber, the operating conditions were similar to the lower chamber 
except for the presence of Na4 Si0 4 . This chamber was flushed with a solution containing
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2 g/L of KM11O4 and 10 g/L of Na4 SiC>4 . The DNAPL pool initially contained 7.5 grams 
of TCE. Mass balance was made on the amount of TCE dissolved during the water flush 
(Appendix B) and it was calculated that amount of TCE in the bed was 3.395 grams at the 
start of KMnCV Na4Si0 4  flush. Figures 6.3 and 6.4, taken during the initial stages of the 
experiment, illustrate the progression of the flushing solution and oxidation reactions 
occurring within and around the TCE pool.
The process in the upper chamber was markedly different than the lower chamber 
during the initial stages of KMnCh flush and this was apparent as soon as the KMnCL 
front reached the TCE zone. As the KMnCh front passed the TCE zone, dark brown 
streaks of MnCh were observed emerging from TCE pool (Figure 6.3). MnOa 
precipitation was not evident earlier in the flush. The penetration of KMnCh solution into 
the TCE zone was much better in this chamber as compared to the lower chamber. 
KMn0 4  penetrated the TCE pool as is indicated by thick brown coloured sections being 
formed within the TCE zone in Figure 6.4.
Degassing of CO2 was also observed in the upper chamber but to lesser extent 
than the lower chamber. As occurred in the lower tank, CO2 lead to de-saturation of the 
pool containing TCE in the upper tank. CO2 bubbles stopped KMnC>4 from entering the 
TCE pool for some time. At later stages the CO2 gas dissolved and gave way to KM11O4 
as it was constantly being removed from the pool by dissolution into a high pH solution 
of KMn( > 4  and Na4 SiC>4 .
As the experiment progressed, MnCh precipitation started to be visible. The dark 
plumes of sequestered MnOz visible at the initial stages of the flush changed appearance 
becoming more like MnC>2 zones in the lower chamber. This was start of MnCh 
precipitation in the upper bed. The main difference between the upper and the lower
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chamber was that MnOi precipitation occurred later in the upper chamber than the lower 
one. MnCh was also more dispersed in the upper chamber than the lower chamber (Figure 
6.5), which suggested that precipitation would have lead to lesser decrease in local 
permeability as compared to the lower chamber.
6.4 Mass Balance
As discussed earlier, equal amounts of TCE were injected into each chamber (7.5 
g) at the start of the experiment. This TCE was removed by two mechanisms; 1) by 
dissolution during pretreatment water flush and 2) by its reaction with KMn04 during 
KMn04 flush.
Pretreatment flushing was done for 309 hours in both the chambers. 
Approximately 18.62 L (11.49 L pore volumes) of de-ionized, de-aired water was 
injected through the lower chamber and almost same amount (18.50 L or 11.42 pore 
volumes) was injected through the upper chamber. The amount of TCE removed in the 
pretreatment flush was 1.82 grams and 4.11 grams for lower and upper chambers, 
respectively (Appendix B). A large difference in the overall removal in spite of similar 
operation conditions is attributed to difference in the distribution of TCE in both the 
chambers.
Flushing with KMn04 was conducted for 1091 hours in both the chambers. 
Approximately 64.61 L (39.86 pore volumes) of KM n04 solution were injected through 
the lower chamber and approximately 65.24 L (40.25 pore volume) of KMn0 4 /Na4 Si0 4 
solution were injected through the upper chamber. Samples were collected daily except 
for those days when the experiment was stopped for some time because of plugging of 
outlets of one of the two chambers.
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Mass balance calculations were performed on the basis of stoichiometry of 
Equation 2.1 (refer to Section 2.1.2). From the equation we can infer that that 1 mole of 
TCE (Molecular Weight = 131.2 g/mol.) produces 3 moles of chloride ion (Molecular 
Weight -  35.4 g/mol.). The amount of total chloride coming out of each chamber was 
monitored to back calculate the amount of TCE destroyed during the reaction. Prior to 
testing effluent samples for chloride, it was suspected that chloride might get oxidized to 
one of its oxides because of presence of KMn0 4 , which is a strong oxidizing agent. No 
literature could be found in relation to oxidation of chloride with KMn0 4 . The possible 
oxide ions were thought to be hypochlorite (OCF), chlorite (CIO2"), chlorate (CIO3'), 
perchlorate (CIO4 ') and chlorine dioxide (CIO2). Tests were conducted to measure the 
concentration of as many of these ions/compounds as possible along with the chloride ion 
(CF) concentration.
The IC (specifications listed in Section 3.5) was used to determine concentration 
of all the oxides of chlorine. No tests were conducted for direct measurement of CIO2 . 
Moreover hypochlorite ions could not be detected by the column AS-16 of IC. Thus only 
concentrations of chloride, chlorite, chlorate and per-chlorate in the effluents were 
measured. A few measurements revealed that per-chlorate was not at all being formed in 
any of the chambers. Remaining analysis was made only for chloride, chlorite and 
chlorate, all of which were found to be present in effluents from both chambers. First, 
calibrations were made using standard solutions of these chemicals. Once the 
concentrations of chlorite and chlorate were measured, they were converted to equivalent 
chloride concentration to back calculate the amount of TCE destroyed in each chamber. 
Appendix D discusses all the mathematical operations and mass balance in detail. Figure
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6.7 shows the equivalent amount of chloride that came out of the effluent in both the 
chambers.
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Figure 6 J i  Variation of equivalent chloride concentration of effluent coming out of 
both the chambers with time.
All the influents were also tested for their content of chlorite, chlorate and 
chloride. It was found that 1 g/L solution of KMnC^ contained all the three components, 
chloride (18.1 mg/L), chlorite (73.3 mg/L) and chlorate (11 mg/L). In terms of equivalent 
chloride concentration (Appendix D) 1 g/L solution of KMnC>4 contained approximately 
61 mg/L of chloride. These concentrations were subtracted from the effluent chloride 
concentrations to calculate the amount of chloride produced from oxidation of TCE. 
Based on this analysis it was calculated (Appendix D) that 2.86 g of TCE were destroyed 
in the upper chamber and 3.89 g of TCE were destroyed in the lower chamber due to its 
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5.71 g were removed from the lower one. The losses in the upper bed (7.13%) are 
thought to be because of diffusion of chloride, chlorite or chlorate in bentonite or MnC>2 
particles generated during the reaction and because of error in the methods used for 
analysis of effluent. Losses in the lower chamber (23.9 %) are largely thought to be 
because of the entrapment of some TCE in the pool unsaturated by presence of CO2 as 
discussed in Section 6.3.1. This is also confirmed by calculations of TCE mass removal 
from the chamber after 20 g/L solution of KMnC>4 was flushed out of it after five days. 
The amount of TCE removed during this period was found to be 0.724 g (Appendix D). 
Apart from that 0.216 g of TCE was back-calculated form amount of equivalent chloride 
recovered from the tank after dissembling it. Details of these calculations are discussed in 
Appendix D. In the upper chamber, TCE concentration was found to be below detection 
limit after disassembly of the tank.
6.5 Overall comparison of flushing in both the chambers
Some details have already been discussed about the visual differences in the two 
chambers. Figure 6.7 further helps in understanding the effect of presence of Na4 SiC>4 in 
the upper chamber. During the start of the KMn0 4  flush, concentration of equivalent 
chloride in the effluent was more in the upper chamber than the lower chamber. This is 
thought to be largely due to higher stabilized TCE concentration in the upper chamber 
reached earlier during pretreatment flush (see Section 6.2.2). Results indicate that after 
about 16-17 days (400 hours), effluent chloride concentration from the upper chamber 
became less than chloride concentration in the lower chamber. This can be due to less 
amount of TCE present in the upper chamber. But when closely observed, the rate at 
which the concentration in the upper chamber decreases in the first 16 days indicates that
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the process o f TCE destruction is more rapid in the upper chamber as compared to the 
lower chamber. In the lower chamber the rate of removal became stable even when 
significant amounts of TCE remained (about 24% of TCE was not recovered from lower 
chamber).
Results indicate that Na4 Si(> 4  helped in increasing the carrying capacity of influent 
solution for CO2 . As was discussed earlier in the chapter, CO2 bubbles did appear in the 
upper chamber but they were dissolved during later stages of the flush. This could also be 
due to decreased rate of production of CO2 during later times. Plugging of the pores and 
KM11O4 by-pass of NAPL zone was more apparent in the lower chamber than the upper 
one, suggesting that MnC>2 precipitation led to mass transfer reduction in the lower 
chamber.
6.6 Dissolution: Post-treatment water flush
Approximately 20 L (12.34 pore volumes) of de-ionized, de-aerated water was 
flushed through each chamber after flushing experiments were over. This was done in 
order to have a clearer look at the M11O2 formation at various places in both the 
chambers, as MnOa is not removed by the flush. Also the effluent solutions were 
analyzed to see any residual amounts of TCE. Direct tests for TCE concentration could 
not be performed because KMn0 4  kept on diffusing from bentonite layer into the water 
stream (Figure 6.6). This was the same KM ndj, which had earlier diffused into bentonite 
during KM11O4 flushing of the chambers. But chloride concentrations were again 
measured. Based on our calculations (Appendix D) no amount of TCE was found in 
upper chamber. But in the lower chamber amount of TCE destroyed in last 5 days was 
calculated to be 0.724 g. A pocket of TCE remained in the lower chamber.
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De-saturated Zone
Figure 6.8: Showing de-saturated pocket after post-water flush.
Figure 6.6 shows the tank after the water flush was over. As can bee seen, M n02 
spread is much wider in the upper chamber than in the lower chamber. After the chamber 
was dismantled, M n02 chunks were recovered from both the chambers. M n02 recovered 
from the lower chamber was qualitatively different from M n02 recovered from the upper 
chamber in its physical appearance and structure. M n02 portions from the lower chamber 
were denser, cemented together and confined to zones near the original NAPL zone. 
M n0 2 portions recovered from the upper chamber were harder in strength and it seemed 
as if some gelation had taken place during the flush. This was not confirmed from any 
other observation. Figure 6.8 also shows the zone of the lower chamber, where KMn0 4  
solution could never reached. No such zones were visible in the upper chamber.
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CHAPTER 1% CONCLUSIONS AND RECOMMENDATIONS
7.1 Conclusions
7.1.1 Vial Experiments:
Vial experiments proved that Na4 Si0 4 , when used in a particular concentration 
relative to KM 1O4 , could stop precipitation of MnOa produced during oxidation of TCE 
with KMnC>4 . Experiments indicate that if Na4 Si(> 4  to KM11O4 weight ratio is equal to or 
more than 4, sequestration of MnOa takes place, no matter how large the absolute 
concentration of KMn(> 4  may be. For Na4 SiC>4 to KMJ1O4 weight ratio between 3 and 4, 
gelation takes place. Gelation leads to significant increase in the viscosity of the solution. 
This might decrease the efficiency of the oxidation process. Detailed study of the effect 
of gelation on mass transfer between TCE and KM n04 in sand aquifers is required.
Na4 Si(> 4  buffers the solution at pH around 10.5. In the absence of Na4 SiC>4 , the 
pH of the reaction solution dropped to as low as 3 because of production of i t  during 
TCE oxidation. But in presence of Na4 Si0 4 , the pH of the final solution varied between 
10 to 11, depending on the concentration of concentration of Na4 Si(> 4  and KMnC>4 .
7.1.2 Reaction Kinetics Experiments:
These experiments confirmed that the reaction between TCE and KMn0 4  is 
pseudo-first-order with respect to TCE, when KMn(> 4  is kept in access. The rate of 
reaction at 20°C is found to be 0.92 ± 0.09 mol'1 L s '1, which matches closely with the 
values provided in literature (Section 5.2.1). Activation energy of the reaction is 
determined to be 38 ± 0.14 kJ m of1.
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Sodium silicate does not have any significant effect on the process of oxidation of 
TCE with KMnC>4 . The rate of reaction at 20°C and activation energy of the oxidation 
reaction of TCE with KMn0 4 in presence of Na4Si04 are 0.93 ±0.1 moF1 L s '1 and 
36 ± 2.5 kJ mol'1 respectively. Minor changes in values o f rate constants and activation 
energy seem to be random and can be attributed to experimental errors. Na^SiCh neither 
reacts with TCE or KMn04 nor does it catalyze or inhibit the reaction between TCE and 
KMn0 4.
1.13 Tank Experiment:
This was by far the most important and the longest of all the experiments. Many 
observations were made during one and a half month long run o f the experiment that led 
to various conclusions as discussed in this section.
The distribution of DNAPL in the pool or in the residual zone was seen as a 
strong parameter that affects the removal rate o f TCE. It became clear in the very 
beginning o f the water flush that vertical spreading of TCE in the upper chamber was 
leading to high flux o f TCE in the effluent coming out o f the upper chamber. It was also 
realized that residual zone was soon exhausted, which lead to gradual decrease in 
concentration of TCE in the effluent. After all the residual zones in both the chambers 
were exhausted, the concentration of TCE became stable. So it can be argued that vertical 
lenses o f DNAPLs contribute more towards TCE flux in the groundwater as compared to 
horizontal pools.
Addition of Na4Si0 4 in the injection solution could not sequester MnOi as was 
observed in vial experiments. In spite o f taking Na4Si04 weight five times as high as 
KMn0 4 weight in the upper chamber, MnC>2 precipitation took place. This was found to
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be in contrast to the results of vial experiments. The process of precipitation in the 
presence o f sand particles seems to be physically different from the process of  
precipitation in solutions. But it was observed that the process o f precipitation in the 
upper chamber got delayed because o f the presence o f Na4Si04. So addition o f Na4Si04 
had some effect on precipitation o f MnOi in the beginning o f the process. In the lower 
chamber MnOi quickly formed at the site of the reaction and prevented KMnC>4 from 
getting deep into the TCE pool. In the upper chamber, the precipitation did not 
necessarily occur at the site of the reaction. Dark brown plumes o f M11O2 were seen to 
emerge from the reaction site and precipitation took place more uniformly through a 
larger portion o f the chamber. KMn(> 4 made inroads into the TCE pool and there 
appeared to be a lesser reduction in local permeability o f sand for KMnCh in the upper 
chamber as compared to the lower chamber. The production o f MnC>2 in the upper 
chamber was still significant and it most probably affected overall mass transfer as was 
evident from occasional blockage of effluent ports in both the chambers.
This study has also revealed that significant production o f CO2 can cause de- 
saturation of porous media containing the DNAPL and subsequently reduce flow of 
KMnCh into this area. This in turn causes a reduction in effectiveness o f KMn04 
treatment at the locations where CO2 bubbles are present. But the presence o f Na4Si04 
can lead to more solubility o f CO2 into the solution as was evident from less CO2 
degassing in the upper chamber. This seems to be due to buffering o f pH by silicate at 
around 10.5 which leads to the formation o f carbonate ion (CO32') from CO2. This result 
is based on visual observation. CO32' or CO2 concentrations were not measured.
An important part of the study was to ascertain the production if  chlorite (CKV) 
and chlorate (CIO3') during oxidation o f TCE with KMn04. This phenomenon has not
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been reported in the literature. Tests for hypochlorite and chlorine dioxide could not be 
conducted, but their production can not be ruled out. Moreover considering the oxidative 
properties of chlorate and chlorite, their reaction with TCE is also a potential field of 
investigation. This can further influence overall rate of destruction of TCE. This research 
has only revealed that chlorite and chlorate are produced along with chloride in in-situ 
oxidation o f TCE with KMnCU, but mechanism of their formation has not been 
investigated. They are either being produced due to reaction of C f with KMn04 or there 
is altogether a new mechanism in which KM11O4 reacts with TCE to directly produce 
these compounds. More research is required to answer these questions.
1.2 Recommendations
The results o f this research confirm that sequestration of MnCh by Na4Si(>4 is a 
promising way to reduce precipitation o f MnCh during in-situ oxidation of TCE with 
KMnC>4 . This present section discusses some issues, which must be considered and 
investigated before applying this technique in the field. The most important issue is to 
look into the difference in the process o f precipitation in the presence and absence of 
sand particles. Sequestration of MnOi has been shown to be successful only in aqueous 
solutions. More experimental work is required to achieve sequestration in presence o f sol 
particles. Future experiments should directly focus on reduction of permeability due to 
the formation of MnOa and how addition ofNa4SiC>4 helps in reducing precipitation.
Sequestration leads to increase in concentration of Mn02  in water. This might 
lead to significant increase in amount o f MnCh being carried away with water. So 
potential toxicity o f MnCh and maximum exposure limits should also be investigated.
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There is a possibility that long periods of time may be required for remediation of 
contaminated sites. A long time operation will increases the cost o f operation along with 
cost o f the chemicals like KMnC^ and Na4Si(>4. Duration of treatment must be 
considered while using KMn04 and Na4SiC>4 together. Similar experiments should be 
conducted at higher concentrations for KMn04 to see the effectiveness of the process.
Extensive research should be carried out to elucidate reaction products between 
TCE and KM11O4. Production of chlorite and chlorate has already been shown in present 
research. But a detailed research on their rate of production, stability in water and 
reaction with KMnC>4 and TCE should be conducted. This could have direct implications 
for improvement o f present remediation techniques.
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CHAPTER 8: ENGINEERING SIGNIFICANCE
8.1 Engineering Significance
Various researchers have studied in-situ chemical oxidation o f DNAPLs with 
KMnC&4 (section 2.1.3 and 2.2.4). Tank experiments conducted by Dai (2003) 
demonstrated the effect o f MnC>2 precipitation on overall mass transfer efficiency during 
in-situ chemical oxidation. But methods o f increasing the efficiency o f the process by 
controlling production o f MnOi have not been addressed so far. This present study is the 
first of its kind in proposing the use o f Na4Si04 for sequestration o f MnOi produced 
during the in-situ oxidation reaction. Although it has been demonstrated in the vial 
experiments that Na^SiCh sequesters MnOa, but further research is required before this 
technology could be used in field application. Nevertheless, a few observations made 
during this study could have immediate application in groundwater remediation.
An important finding o f this study is that chloride, chlorite and chlorate are 
produced during in situ chemical oxidation of TCE with KMnC>4 . It is a common practice 
to measure concentration of chloride for calculating the amount o f TCE destroyed in a 
reaction. But if the production of chlorite and chlorate is taken into account, the accuracy 
of calculating mass o f TCE destroyed during the reaction can increase. Moreover 
measurement o f chlorite or chlorate may be preferred to that o f chloride under certain 
circumstances as they are more stable than chloride in presence o f oxidizing agents. But 
more work is required to see how the relative concentrations o f chloride, chlorate and 
chlorite vary with other parameters like their absolute concentrations, concentration of 
KMnC>4, pH of the solution etc. In the presence o f any relation between their relative
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concentrations, monitoring only one of the three components can lead to accurate 
assessment of TCE destruction.
Observations showed that TCE could diffuse through very low permeability 
membranes. (Figure 6.5) shows the production of MnOa on the top of lower chamber 
demonstrating that some TCE diffused from the upper bed through the bentonite layer 
and entered the lower chamber. Moreover, Figure 6.6 demonstrates that KMn04 can 
diffuse to low permeability layers. These observations hold the significance that in situ 
chemical oxidation can be applied in remediation of low permeability zones as well as 
porous medium. Because of low permeability in soils like bentonite, the efficiency of the 
process is expected to be very sensitive to production of M11O2 precipitates. But presence 
of a sequestering agent like Na4 SiC>4 can reduce MnOi precipitation and increase viability 
of the process.
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APPENDIX A
Calculation of Sand Porosity
Porosity was calculated for fine silica sand (mesh size #150-#200) based on 
procedure obtained from Fetter (1994). A known volume of sand (V) is taken in a dish. 
This sample is then dried in an oven for at 105°C until it reaches a constant mass (m) 
after approximately 24 hours. The sample is dried in the oven in order to remove all 
moisture from the sand. Then bulk density (pb, g/cm ) of the sample is calculated by 




True particle density (pj) for most rock is 2.65 g/cm (Fetter, 1994). So porosity 
n for the sample is calculated by using following equation.
„ = i - f i -
Pi
Five sand samples were analyzed in similar fashion and the results are listed in 
Table shown below. The average porosity and standard deviation were found to be
0.436% and 0.30% respectively.
Table Al: Porosity of Silica Sand (mesh size #150 - #200).
Sample Volume (cm ) Mass (g) Bulk Density (g/cm ) Porosity
1 40 59.68 1.492 0.437
2 40 59.96 1.499 0.434
3 40 60.28 1.507 0.431
4 40 59.76 1.494 0.436
5 40 59.4 1.485 0.44
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APPENDEX B 
Flush Volumes and Flow Rates
1. Prefreatm ent Water Flush and KM 11O 4 Flush
If F„ (mL/min) is the flow rate of the effluent at time T„ (hr), then volume Vn (L) 
of the effluent collected in time interval Tn.i to Tn can be approximately calculated as:
* f  60 ^
I 2  , 0 0 0
If Vn, is the total volume of liquid collected till time T„ starting from the 
beginning, then Vm can be calculated as:
y=i
Then average flow rate Fav (mL/min) after total run time T (hr) and collected 
volume V (L), can be calculated as:
Both the chambers have identical dimensions as given below.
Length, I = 106.7 cm; Height, h = 13.4 cm and Thickness, t -  2.6 cm 
Therefore cross section area for flow, A = h * t-  34.84 cm2 
Also, volume of each chamber, V= l*h*t = 3717.43 cm3 = 3.717 liters 
Porosity of the fine sand («) as calculated in Appendix A is 0.436. So average 
velocity (m/day) of fluid through each chamber can be given as:
n
Y» - T y ,
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The above formulas have been used to calculate desired parameters for both the 
chambers in pretreatment as well as KM11O4 flush.
If C„ (mg/L) is the concentration of TCE measured at time T„ (hr) when the flow 
rate is F„ (mL/min), then total mass flow rate of TCE, MF„ (mg/min) at that time can be
given as:
MF =(c „)*(f { - ^ —\ n) \ « ^ 1000j
Mass of TCE, Mn (gm) flushed out in time interval between Tn.j and T„:
* f  60 )
y 2 )
000
Total mass of TCE flushed out till time T„: 
y=i
1.1 Upper Chamber
Table B l: Mass of TCE Removed during Pretreatment Water Flush (Upper
Chamber).
Time (hr) Flow Rate Total Effluent Concentration Mass of TCE
(mL/min) Collected (L) of TCE (mg/L) Flushed Out (g)
0 1 . 0 2 0 0.126 0
18 1 . 0 1 1.096 340.9 0.185
37.5 1 . 0 2 2.283 353.0 0.598
47.85 1 . 0 2 2.917 290.0 0.801
67.05 . 1.03 4.097 260.5 1.126 I
89.05 0.99 5.431 226.7 1.438
107.05 0.98 6.494 274.5 1.694
120.55 0.90 7.256 242.0 1.891
157.55 1 . 0 1 9.376 250.0 2.413
217.85 1 . 0 0 13.012 167.8 3.174
258.55 1 . 0 1 15.466 149.1 3.562
265.55 1 . 0 0 15.888 196.8 3.635
285.55 0.99 17.082 174.2 3.857
299.55 1 . 0 2 17.927 176.2 4.005
308.95 1.01 18.499 175.4 4.105
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T h e r e f o r e  t o t a l  l i q u i d  i n j e c t e d  t h r o u g h  t h e  u p p e r  c h a m b e r  d u r i n g  p r e t r e a t m e n t  
f l u s h  i s  1 8 . 4 9 9  l i t e r s  ( o r  1 1 . 4 2  p o r e  v o l u m e s ) ,  t i m e  o f  f l u s h  i s  3 0 8 . 9 5  h o u r s  a n d  a m o u n t  
o f  T C E  f l u s h e d  o u t  o f  t h e  c h a m b e r  i n  t h i s  t i m e  i s  4 . 1 0 5  g .  T h e  i n i t i a l  a m o u n t  o f  T C E  
i n j e c t e d  a t  t h e  s t a r t  o f  t h e  f l u s h  w a s  7 . 5  g .  S o  t h e  a m o u n t  o f  T C E  l e f t  i n  t h e  c h a m b e r  a f t e r  
t h e  f l u s h  i s  3 . 3 9 5  g .  U s i n g  a b o v e  e q u a t i o n s ,  a v e r a g e  f l o w  r a t e  a n d  a v e r a g e  v e l o c i t y  h a v e  
been calculated as below.
Average flow rate, Fm = 0.997 mL/min.
Average velocity through the s a n d  bed, Vav = 0.95 m/day.
Table B 2 ;  Flow Rate in Upper Chamber during KMnQ4/Na4 Si0 4  Flush,
Time (hr) Flow Rate (mL/min) Total Effluent C o l l e c t e d  ( L )
0 1 . 0 1 0
25 1 . 0 1 1.515
32.5 1 . 0 1 1.969
59.5 0.92 3.532
70.75 0.90 4.147
84.75 1 . 0 0 4.945
96.25 1 . 1 0 5.669
110.75 1.08 6.617
120.5 1.07 7.246
130.5 1 . 0 2 7.873
142.7 1 . 0 7 8.638
153.7 0.98 9.315
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Time (hr) Flow Rate (mL/min) Total Effluent Collected (L)
489.55 0.90 28.902
543.35 1 . 0 0 31.968
567.85 0.90 33.365
612.65 1.03 35.959
6 4 2 . 6 5 1.05 37.831
687.05 1.05 4 0 . 6 2 8
709.85 1 . 0 1 42.037
739.25 1.03 43.836
762.85 L O O 45.274
790.85 1.05 46.996
832.35 0.99 49.535





1052.45 1 . 0 0 62.928
1090.95 1 . 0 0 65.238
From the, above Table B2, the total liquid injected through the upper chamber 
during KMnCMNa^SiC^ flush is 65.238 liters (or 40.25 pore volumes) and time of flush is 
1090.9 hours. Using above equations, average flow rate and average velocity have been 
calculated as below.
Average flow rate, Fm = 0.996 mL/min.
Average velocity through the sand bed, Vm = 0.949 m/day.
72
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.2 Lower Chamber:
Table B3: Mass of TCE Removed during Pretreatment Water Flush (Lower
______________________ C h a m b e r ) . ________________________________________________________________________________________________
Time (hr) Flow Rate 
(mL/min)
Total Effluent 
Collected ( L )
Concentration
o f  T C E  ( m g / L )
Mass of TCE 
Flushed Out (g)
0 0.97 0 0 0
3 1 . 0 2 0.179 1 0 . 8 0.00099
16 1 . 0 1 0.970 59.3 0.028
19.5 0.99 1.180 61.3 0.041
38 1 . 0 1 2.290 73.0 0.115
47.85 1.03 2.893 70.0 0.159
67.05 1 . 0 0 4.062 75.2 0.243
89.05 0.98 5.369 83.5 0.347
107.05 0.97 6.422 85.8 0.436
120.55 1 . 0 2 7.228 79.3 0.503
157.55 1 . 0 1 9.481 124.2 0.732
182.35 0.99 10.969 100.5 0.899
218.25 1 . 0 1 13.123 105.4 1 . 1 2 1
259.05 1 . 0 2 15.608 158.1 1.461
265.55 1 . 0 0 16.002 1 0 0 . 0 1.514
286.05 1 . 0 2 17.244 122.9 1.652
299.95 0.99 18.083 120.9 1.755
308.95 1 . 0 1 18.623 1 1 2 . 0 1.818
The total l i q u i d  i n j e c t e d  through the lower chamber during pretreatment flush is 
18.623 liters (11.49 pore volumes), time of flush is 308.95 hours a n d  amount of TCE 
flushed out of the chamber in this time is 1.818 g. The initial amount o f TCE injected at 
the s t a r t  of the f l u s h  was 7.5 g. So the amount of TCE l e f t  in the chamber after the flush 
is 5.682 g. Using above equations, average flow rate and average velocity have been 
calculated as below.
Average flow rate, Fm = 1.005 mL/min.
Average velocity through the s a n d  bed, Vm = 0.957 m/day
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T a b l e  B 4 ;  F l o w  R a t e  i n  L o w e r  C h a m b e r  d u r i n g  KMn0 4 /Na4 SiQ4 Flush.
T i m e  ( h r ) Flow Rate 
(mL/min)
T o t a l  Effluent Collected (L)
0 1 . 0 1 0
5 9 . 5 0.92 3.445
7 0 . 7 5 0.93 4.069
84.75 1.04 4.896
96.25 1 . 0 2 5.607
1 1 0 . 7 5 1 . 0 2 6.494
120.50 0.99 7.082
130.50 1 . 0 1 7.682
142.70 1 . 0 1 8.422
165.95 1 . 0 1 9.831
1 7 8 . 1 0 0.95 10.545
1 8 9 . 1 0 0.98 11.182
202.35 0.91 11.933
215.85 0.91 12.670









489.55 1 . 0 1 27.951
543.35 1.03 31.244
567.85 1 . 0 1 32.743
612.65 1.03 35.485
687.05 0,99 39.994
709.85 1 . 0 1 41.362
739.25 1.05 43.179
762.85 1.06 44.672
790.85 1 . 0 0 46.403
832.35 0.94 48.818
852.85 1 . 0 0 50.011





1090.95 1 . 0 0 64.611
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F r o m  T a b l e  B 4 ,  t h e  t o t a l  l i q u i d  i n j e c t e d  t h r o u g h  t h e  l o w e r  c h a m b e r  d u r i n g  
K M 11Q 4 f l u s h  i s  6 4 . 6 1 1  l i t e r s  ( 3 9 . 8 6  p o r e  v o l u m e s )  a n d  t i m e  o f  f l u s h i n g  i s  1 0 9 0 . 9  h o u r s .  
U s i n g  a b o v e  e q u a t i o n s ,  a v e r a g e  f l o w  r a t e  a n d  a v e r a g e  v e l o c i t y  h a v e  b e e n  c a l c u l a t e d  a s  
b e l o w .
A v e r a g e  f l o w  r a t e ,  Fav =  0 . 9 8 7  m L / m i n .
Average v e l o c i t y  t h r o u g h  the sand bed, Vav =  0.94 m/day.
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APPENDIX C
Rate o f  R e a c t i o n  C a l c u l a t i o n s
R a t e  o f  Reaction b e t w e e n  T C E  and K M 11O 4 
M o l e c u l a r  W e i g h t  of KM11O4 =  1 5 8  g / m o i .
C o n c e n t r a t i o n  o f  K M 11O 4 i n  a l l  Reaction Kinetics Experiments,
[ K M n 0 4 ]  =  1 g/L = —  mol/L 
1 5 8
A l s o  f r o m  E q u a t i o n  5 . 3
kx = k2[MnO4 ]  o r  k2 =  kx
SM n o;i
1 . 1  Reaction Between TCE and K M n04 in the a b s e n c e  o f  Na4 Si0 4
Table C l: Variation of Concentration of TCE with Time at Different T e m p e r a t u r e s
T i m e
(s)
Concentration
o f  T C E  a t  5 ° C  
( m g / L )
Concentration
of TCE at
1 0 ° C  ( m g / L )
Concentration




2 0 ° C  ( m g / L )
Concentration 
of TCE at 
25°C ( m g / L )
42.4 24.77 27.11 26.04 25.79 26.84
8 5 . 0 21.54 24.28 20.49 21.97 21.11
128.3 2 0 . 0 8 20.08 17.63 15.64 13.73
170.5 18.35 18.72 14.73 1 2 . 8 1 1 . 0 2
1 2 1 2 1 5 . 7 9 15.95 1 3 . 3 2 9 . 7 7 7.92
T a b l e  C 2 :  Variation o f  k\ a n d  kj w i t h  T e m p e r a t u r e  ( J K M n Q ^ o  =  1 g/L)
T e m p e r a t u r e ,  °C h  (s'1) k% ( m o l ' 1 L  s ' 1 )
5 0 . 0 0 2 5 0.395
1 0 0 . 0 0 3 1 0.4898
15 0.0039 0 . 6 1 6 2
2 0 0.0058 0.9164
25 0 . 0 0 7 3 1.1534
7 6
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[KMn04]o -  Concentration of KMn04  at start of the reaction.
1 . 2  R e a c t i o n  B e t w e e n  T C E  and K M 11O 4 in p r e s e n c e  of Na4SiC>4
T a b le  C3: Variation of Concentration of TCE with Time at Different Temperatures
([KMn04]o = 1 g/L, [Na4Si04]o = 4  g / L ) .
T i m e
( s )
C o n c e n t r a t i o n  
of TCE at 5°C
( m g / L )
Concentration
o f  T C E  a t  1 0 ° C  
( m g / L )
C o n c e n t r a t i o n  
of TCE at 
1 5 ° C  (m g /L )
Concentration 
of TCE at
20°C ( m g / L )
C o n c e n t r a t i o n  1 
o f  T C E  a t  
2 5 ° C  ( m g / L )
42.4 27.15 25.27 25.69 26.78 24.69
85.1 23.33 22.64 20.28 22.64 19.49
128.3 21.75 18.72 17.46 1 6 . 1 1 1 2 . 8
170.5 19.88 1 7 . 4 6 14.58 1 3 . 1 9 10.38
2 1 2 1 6 . 9 4 15.02 13.19 9 . 9 7 7.46
T a b l e  C4t Variation of k\ and ki with Temperature ([KMn0 4 ]o -  1 g / L ,  [ N a 4S iC > 4] o  =
4  g / L ) .
Temperature, °C h  ( s ' 1) k% (m of1 L s'1)
5 0.0026 0.4108
1 0 0.0031 0.4898
15 0.0039 0.6162
2 0 0.0059 0.9322
25 0.0071 1.1218
[KMn0 4 ]o = Concentration of KMn0 4  at start of the reaction.
[ N a s S t D J o  = Concentration o f  N a 4S i 0 4  at start o f  the reaction.
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APPENDIX D
Overall Mass Balance of TCE in Tank Experiment
1. M easurement of TCE Oxidized in KMn04 Flush
Overall mass balance of T C E  was carried out by comparing the initial mass of 
TCE injected in e a c h  chamber to the mass of TCE flushed out during pretreatment flush 
and mass o f TCE destroyed while its oxidation with KM 11O4 . TCE destroyed in oxidation 
was back calculated from amount of chloride ion (CF) which was produced in the 
oxidation process. As chloride further reacted with KMn0 4  to produce chlorite (CIO2’) 
and chlorate (CIOs'), so concentrations of both these ions were converted to equivalent 
concentration of CF from which they were produced.
Moreover KMn0 4  and Na4 Si0 4  were also analyzed for their chloride content. It 
was found that Na4 Si0 4  contained no chloride in any form. But KMn0 4  solution showed 
the presence of each of CF, CIO2’ and C IO s '. Considering the fact that these 
concentrations might interchange depending on the time of exposure, all the 
concentrations were converted to equivalent concentration of chloride a s  before and 
subtracted from equivalent concentration of CF being flushed out. Then this amount of 
chloride was assumed to b e  produced f r o m  TCE and was used to back calculate amount 
of TCE oxidized in each chamber. Subsequent calculation steps are explained below.
Formula Weight of CF = 35.4 g/mol.
F o r m u l a  Weight of CIO2’ = 67.4 g/mol.
Formula Weight o f CIO3' = 83.4 g/mol.
Molecular Weight of TCE ( C 2 H C 1 3)  =  1 3 1 . 2  g / m o l .
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If [CF], [CIO2"] and [CIO 3'] are the concentration of chloride, chlorite and chlorate 
ion in the effluent expressed in mg/L at a particular time, then equivalent concentration of 
chloride [CFjeq (mg/L) coming out in the effluent can be written as:
[cr I, = [c/-]+|^ [ao -]+||i[c/o3-]
If [CT]eqn (mg/L) is the equivalent concentration of chloride measured at time T„ 
(hr) when the flow rate is F„ (mL/min), then total mass flow rate of chloride, MFcin 
(mg/min) at that time can be given as:
Aff-C,„ = [cr  ] , / ( /• ,)* 1
1000v
Equivalent Mass of chloride, M an (gm) flushed out in time interval between T,n-1
and T„:
^ rcln + MFcl(n_,) Os OI 2  , OOO■ W c -V .-T C ,)*
Total equivalent mass of chloride Mci (gm) flushed out till time T„:
" a = l > c S
M
KMn0 4  solution was also analyzed to see any additional amount of chloride 
entering the solution. Relative amounts of chloride, chlorite and chlorate found in 1 g/L 
solution of KMnCL are listed below.
[CF] = 18.1 mg/L 
[CIOLJ = 73.3 mg/L 
[C103"] = 11.0 mg/L
Using the same equation as before, the equivalent concentration of chloride in 1 
g/L solution of KM11O4 comes out to be 61 mg/L. The concentration of KMnCL in the
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injection solution in both the chambers is 2 g/L. That means total 122 mg of chloride 
enters each chamber with every liter of the influent. The volume of influent injected in 
KMnCL flushing is 65.238 liters and 64.611 liters in the upper and lower chamber
respectively (Appendix B). Therefore amount of chloride that entered each chamber
through the influent is 7.959 g and 7.882 g in the upper and the lower chamber 
respectively. These amounts are to be reduced from the total equivalent mass of chloride 
flushed out of the tank to reach the amount of chloride M ia (g) actually produced 
because of oxidation of TCE.
For the Upper Chamber, M ia = Mq -  7.959
For the Lower Chamber, M ia = M a -  7.882
From Equation 2.1 (Section 2.1.2) it can be seen that 1 mole of TCE produces 3 
moles of chloride during oxidation. That means 131.2 g of TCE produces 3x35.4, that is
106.2 g of chloride. So amount of TCE destroyed per milligram of CF produced = 
131 2
'̂ 2  = 1.235 milligrams. That means if M ia  (g) is the total amount of chloride produced
due to oxidation, then total mass of TCE ( M t c e , g) destroyed in oxidation can be given 
as:












0 126.60 65.70 251.54 267.88
25 135.50 39.30 117.7 206.14
32.50 169.32 134.95 135.02 297.52
[ 59.50 131.66 112.54 123.61 243.24
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1 Time Chloride conc. Chlorite conc. Chlorate conc. Equivalent Chloride
(hr) (mg/L) (mg/L) (mg/L) conc. (mg/L)
70.75 169.26 122.06 144.74 294.81
84.75 157.62 114.76 118.73 268.30
96.25 157.51 114.40 127.11 271.56
110.75 153.58 1 1 0 . 2 0 123.09 263.72
120.50 165.02 121.13 135.64 286.22
130.50 153.07 104.90 135.39 265.64
142.70 126.10 80.81 127.75 222.77
153.70 162.45 99.76 154.75 280.54
165.95 139.68 87.20 1 2 2 . 2 1 237.36
178.10 127.53 83.76 123.86 224.10
189.10 109.13 78.35 110.92 197.37
202.35 100.48 77.32 109.46 187.56
215.85 98.912 76.09 103.04 182.61
253.85 108.93 92.43 106.92 2 0 2 . 8 6
279.65 94.98 65.65 95.89 170.17
304.65 1 0 2 . 1 1 71.63 109.93 186.40
319.65 81.79 74.39 90.04 159.08
350.65 81.10 82.27 69.19 153.67
373.65 8 6 . 6 6 81.44 97.99 171.03
396.15 80.65 82.86 88.28 161.64
425.55 74.30 66.27 81.78 143.82
473.05 58.64 77.57 79.30 133.05
489.55 59.29 65.81 82.84 129.01
543.35 58.35 62.70 79.05 124.84
567.85 56.80 67.46 72.14 1 2 2 . 8 6
612.65 55.09 63.92 83.82 124.24
1 642.65 55.26 69.55 70.12 121.56
687.05 56.27 65.33 87.21 127.61
709.85 59.99 64.41 61.95 1 2 0 . 1 2
739.25 54.05 81.98 60.55 122.81
762.85 49.25 92.16 57.25 121.96
790.85 42.10 102.28 58.29 120.56
832.35 47.09 78.56 91.76 127.30
852.85 51.40 88.63 58.50 122.79
902.85 49.78 84.12 73.37 125.11
946.65 44.77 104.04 51.79 121.40
973.25 42.99 106.71 56.47 123.01
1047.50 44.63 95.65 62.33 121.33
1052.45 44.60 112.27 39.38 120.29
1090.95 37.07 110.25 60.08 120.48
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Total amount of equivalent chloride flushed out of the chamber can be calculated 
by taking the flow rate at a particular time, into account. Following Table has been 
reached by using equations discussed above.
Table P2s Calculation of Total Equivalent Chloride Mass (Upper Chamber).






0 1 . 0 1 267.88 0
25 1 . 0 1 206.14 0.359
32.50 1 . 0 1 297.52 0.473
59.50 0.92 243.24 0.898
70.75 0.90 294.81 1.063
84.75 1 . 0 0 268.30 1.287
96.25 1 . 1 0 271.56 1.483
110.75 1.08 263.72 1.736
120.50 1.07 286.22 1.909
130.50 1 . 0 2 265.64 2.082
142.70 1.07 222.77 2.269
153.70 0.98 280.54 2.438
165.95 '' 0.94 237.36 2.621
178.10 0.95 224.10 2.780
189.10 1.06 197.37 2.919
202.35 1.18 187.56 3.091
215.85 1.13 182.61 3.264
253.85 0.95 2 0 2 . 8 6 3.719
279.65 0.96 170.17 3.995
304.65 0.98 186.40 4.255
319.65 0.95 159.08 4.405
350.65 0.95 153.67 4.681
373.65 0.95 171.03 4.894
396.15 0.94 161.64 5.107 j
| 425.55 0.94 143.82 5.360
473.05 0.90 133.05 5.723
489.55 1 0.90 129.02 5.840
543.35 1 . 0 0 124.84 6.229
567.85 0.90 1 2 2 . 8 6 6.402
612.65 1.03 124.24 6.722
642.65 1.05 121.56 6.952
687.05 1.05 127.61 7.301
709.85 1 . 0 1 1 2 0 . 1 2 7.476
739.25 1.03 122.81 7.694
762.85 1 . 0 0 121.96 7.870
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I 790.85 1.05 120.56 8.079
832.35 0.99 127.30 8.393
852.85 1 . 0 0 122.79 8.546
902.85 1.07 125.11 8.931
946.65 0.96 121.40 9.261
973.25 1.05 123.01 9.457
1047.50 0.97 121.33 10.006
1052.45 LOO 120.29 10.042
1090.95 1 . 0 0 120.48 10.320
As calculated earlier, the amount of chloride that entered the chamber because of 
KMJ1O4 contamination is 7.959 g. From the above table, the amount of chloride flushed 
out of the chamber in 1090.95 hours is 10.320 g. Other numbers can be worked out as 
follows.
Amount of chloride produced in oxidation = 10.320 -  7.959 = 2.361 g.
Amount of TCE destroyed in oxidation = 2.316*1.235 = 2.86 g.
Amount of TCE flushed out in pretreatment flushing (Appendix B) = 4.105 g.
So, total TCE removed = 4.105 + 2.86 = 6.965 g.
Total TCE injected in the beginning into the chamber = 7.5 g.
Therefore % TCE removal = *100 = 92.87%
7.5
No significant chloride production was detected in the solution recovered during post­
treatment flush and from extracts taken after disassembling the tank.
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1.2 Lower Chamber
Table D3: Calculation of Equivalent Chloride Concentration (Lower Chamber).
Time Chloride conc. Chlorite conc. Chlorate conc. Equivalent Chloride
(hr) (mg/L) (mg/L) (mg/L) conc. (mg/L)
0 155.08 103.37 122.50 261.38
59.50 141.40 108.18 113.37 246.34
70.75 144.64 117.93 118.57 256.91
84.75 138.69 105.57 88.53 231.71
96.25 156.31 104.25 61.23 237.06
110.75 153.26 112.76 67.99 241.34
120.50 139.60 115.00 82.59 235.06
130.50 134.27 93.55 91.65 222.31
142.70 149.82 90.35 95.76 237.92
165.95 145.91 110.87 85.38 240.39
178.10 138.38 94.79 98.93 230.16
189.10 148.11 75.26 128.55 242.21
202.35 146.35 83.99 97.18 231.72
215.85 130.76 83.88 103.12 218.59
253.85 128.25 94.21 69.21 207.11
279.65 115.57 85.78 69.44 190.10
304.65 105.43 80.01 53.86 170.32
319.65 99.27 81.95 59.71 167.66
350.65 93.83 77.27 66.23 162.53
373.65 93.28 80.20 56.71 159.48
396.15 99.05 62.27 65.93 159.75
425.55 100.98 85.88 49.91 167.27
473.05 90.77 79.24 56.06 156.19
489.55 107.97 83.93 62.47 178.57
543.35 100.58 72.46 62.84 165.31
567.85 93.03 67.62 61.98 154.86
612.65 92.85 70.17 61.42 155.78
687.05 89.70 62.84 38.69 139.14
709.85 83.23 76.48 41.95 141.21
739.25 80.28 74.05 41.93 136.97
762.85 74.58 85.39 40.41 136.58
790.85 107.23 59.23 32.26 152.04
832.35 94.54 70.09 35.94 146.61
852.85 74.45 80.56 40.00 133.75 j
902.85 72.03 88.60 63.17 145.38 I
946.65 69.09 91.72 39.05 133.85
973.25 65.09 100.71 36.45 133.46
1001.95 59.81 104.48 41.93 132.48
1047.45 56.51 111.44 40.21 132.11
1090.95 54.75 115.85 38.85 132.09
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Total amount of equivalent chloride flushed out of the chamber can be calculated 
by taking the flow rate at a particular time, into account. Following Table has been 
reached by using equations discussed above.
Table D4: Calculation of Total Equivalent Chloride Mass (Upper Chamber).






0 1 . 0 1 261.38 0
59.50 0.92 246.34 0.875
70.75 0.93 256.91 1.032
84.75 1.04 231.71 1.234
96.25 1 . 0 2 237.06 1.401
110.75 1 . 0 2 241.34 1.613
120.50 0.99 235.06 1.753
130.50 1 . 0 1 222.31 1.890
142.70 1 . 0 1 237.92 2.060
165.95 1 . 0 1 240.39 2.397
178.10 0.95 230.16 2.565
189.10 0.98 242.21 2.716
202.35 0.91 231.72 2.894
215.85 0.91 218.59 3.060
253.85 0.91 207.11 3.502
279.65 0.92 190.10 3.783
304.65 0.92 170.32 4.032
319.65 0.90 167.66 4.170
350.65 0.90 162.53 4.446
373.65 0.90 159.48 4.646
396.15 0.93 159.75 4.844
425.55 0.92 167.27 5.110
473.05 1.04 156.19 5.561
489.55 1 . 0 1 178.57 5.731
543.35 1.03 165.31 6.297
567.85 1 . 0 1 154.86 6.537
612.65 1.03 155.78 6.963
687.05 0.99 139.14 7.628
709.85 1 . 0 1 141.21 7.820
739.25 1.05 136.97 8.073
762.85 1.06 136.58 8.277
790.85 1 . 0 0 152.04 8.526
832.35 0.94 146.61 8.887
852.85 1 . 0 0 133.75 9.054
902.85 1.00 145.38 9.473
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Total Equivalent Chloride 
(gm)
946.65 0.98 133.85 9.836
973.25 1.04 133.46 10.052
1001.95 1.07 132.48 10.293
1047.45 1.05 132.11 10.676
1090.95 1 . 0 0 132.09 11.030
As calculated earlier, the amount of chloride that entered the lower chamber 
because of KMnC>4 contamination is 7.882 g. From the above table, the amount of 
chloride flushed out of the chamber in 1090.95 hours is 11.030 g. Other numbers can be 
worked out as follows.
Amount of chloride produced in oxidation = 11.030 -  7.882 = 3.148 g.
Amount of TCE destroyed in oxidation = 3.148*1.235 = 3.89 g.
Amount of TCE flushed out in pretreatment flushing (Appendix B) = 1.818 g.
So, total TCE removed = 1.818 + 3.89 = 5.708 g.
Total TCE injected in the beginning into the chamber = 7.5 g.
5 708
Therefore % TCE removal = — 1----- *100 = 76.12%
7.5
TCE destroyed during post-treatment flush
Volume of effluent collected after the post-treatment water flush = 20L.
Amount of equivalent chloride in the effluent due to oxidation = 29.3 mg/L. 
Therefore total chloride produced in last 5 days = 20x29.3 = 586 mg.
fo r
Amount of TCE destroyed in last 5 days = -------*1.235 = 0.724 gm.
1000
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TCE destroyed after post-treatment flush
Volume of sand collected from the lower chamber = 325 cm3.
Porosity of the sand = 0.436
Volume of liquid entrained in the sand =141.7 mL
Volume of the liquid after dilution with water = 341.7 mL
Concentration of chloride produced due to oxidation = 512 mg/L
341 7
Amount of chloride produced due to oxidation = -----— *512 = 174.9 mg.
1000
174 9
Amount of TCE destroyed = ------- *1.235 = 0.216 g
1000
Overall recovery of TCE
Total amount of TCE detected directly or indirectly = 5.708 + 0.724 + 0.216
= 6.648 g
Total recovery of TCE = * ioo = 88.64%
7.5
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Figure El: TCE calibration curve.
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Figure E2: Chloride Calibration Curve.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
y = 2 .0 4 4 1 x -0.5109
Ft = 0.9987
0 82 6 10 124
Peak Area 
a Chlorite — Linear (Chlorite)



















0 10 20 30 40
Peak Area (x1 Oe-5)
Chlorate — Linear (Chlorate)
Figure E4: Chlorate Calibration Curve
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Figure E5i Manganese Calibration Curve
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